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FOREWORD

The purpose of this Tezologcal Review is to provide scientific support and rationale
for the hazard identification and dose-response informatiorRtSIpertainingto chronic
exposure to bariumlt is not intended to be a comprehensive treatise on the chemical or
toxicologcal nature of barium and compounds.

In Section 6, EPA ha characterized its oveall confidence in thequantitative and
gualitative aspects of hazard and dose-response (U.S. EPA, 1888&rs considered in this
characterization include knowleglgpps, uncertainties, qualigf data, and scientific
controvesies. This characterization is presented in an dfort to make gppaent thelimitations of
the assessment and to aid andalg the risk assessor in the ensisteps of the risk assessment
process.

For other @neral information about this review or other questions relatinglS, the
reader is referred to EPA’s Riskfbrmation Hotline at 202-566-1676.
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1. INTRODUCTION

This document presents the derivation of the noncancer dose-response assessments for
oral exposure (the oral reference dose, or RfD), and inhalatipasexe (the inhalation reference
concentration, or RfC) and the cancerdndzand dose-response assessments for bariajn (B

The RfD and RfC are meant to provide information on {targ toxc effects other than
carcinogenicity. TheRfD is baed on theassumption thiethresholds &ist for certain toxic
effects, such as ckllar necross, butmay notexist for other bxic effecs, such as som
carcinognic responsesThe RfD is epressed in units of nikg-day. In general, the RfD is an
estimate (with uncertainty spaning pehaps an orde of magnitude of adaly exposureto the
human population (includingensitive sub@ups) that is likelyo be without an appreciable risk
of ddeterious nonencer effects duringalifetime. Theinhdation RfC is adogous to theord
RfD. The inhalation RfC considers tiaxeffects for both the respiratosystem (portal of entdy
and for effects peripheral to the respirateygtem (exrarespiratoryor systemic effects).t is
expressed in units of nig’.

The carcinognicity assessment is meant to provide information on three aspects of the
carcinogenic risk essessmat for theagent in question: the EPA dassification and quantitative
estimates of risk from orbexposureand inhdation exposure Theclassification reflects a
weight-of-evidence judgent of the likelihood that the agt is a human carcineg and the
conditions under which argarcinognic effects mape eyressed.Quantitative risk estimates
are presemt in three wag. Theslope factor is the result of application of a low-dose
extrapolation procedure and is presented as the risk p&grdgy. The unit riskis the
quantitative estimate in terms of éther risk pe pg/L drinkingwater or risk pe pg/m? air
breathed.The third form in which risk is presented is a drinkngter or air concentration,
providing cancer risks of 1 in 10,000, 1 in 100,000, or 1 in 1,000,000.

Development of these hardl identification and dose-response assessments for barium has
followed thegeneral guiddines for risk assessmats a sd forth bythe Nationd Research
Council (NRC, 1983).EPA guidelines that were used in the development of this assessment may
include the following Guidelines for Carcinagn Risk Assessment (U.S. EPA, 1986a),
Guidelines for the Health Risk Assessment of Chemicatvies (U.S. EPA, 1986b), Guidelines
for Mutagenicity Risk Assessment (U.S. EPA, 1986¢), Proposed Guidelines for CaenifRigk
Assessment (U.S. EPA, 1996a), Guidelines for DevelopmentatifyoRisk Assessment (U.S.
EPA, 1991), Guidelines for Reproductive Taky Risk Assessment (U.S. EPA, 1996lnerim
Policy for Particle Size andiimit Concentrationdsues inrihalation Toxcity (U.S. EPA, 1994a),
Proposed Guidelines for Neurotoity Risk Assessment (U.S. EPA, 1995b), Methods for
Derivation of hhalation Reference Concentrations and Applicatiomtwdlation Dosimetry
(U.S. EPA, 1994b), Recommendations for and Documentatiomtddial Values for Use in
Risk Assessment (U.S. EPA, 1988), Use efi@dimark Dose Approach in Health Risk
Assessment (U.S. EPA, 1995c), and Guidance on Risk Charatiterid).S. EPA, 1995a).



The literature search strateg emplogd for this compound were based on the Chemical
Abstracts Service Regfry Number (CASRN) and at least one common na&sa minimum,
thefollowing daabases weae searched: RTECS, HSDBTSCATS, CCR$, GENETOX, EMC,
EMICBACK, ETICBACK, TOXLINE, CANCERUNE, MEDLINE, and MEDUNE backfiles.

Any pertinent scientific information submitted the public to theRIS Submission Desk also
was considered in the development of this document.



2. CHEMICAL AND P HYSICAL INF ORMATION RELEVANT TO ASSESSMENTS

Barium is a dense alkaline earth metal in Gradpdf the periodic tableThe free
elementis a slver-white soft metal thatoxidizes ready in moist air and read with wager.
Barium does not @st in nature in the elemental form but occurs as the divalent cation in
combination with other elements (ATSDR, 199Zhe phyical and chemical properties of
barium and selected barium compounds are presented in Table 1.

Barium makes up 0.05% of the earth’s crust, and the two most prevalent naturally
occurringbarium compounds are barite (barium sulfate) and witherite (barium carbonate) ores.
Barium enters the environment thrduthe weatheringf rocks and minerals and thrdug
anthropognic releasesThe primarysource of barium in the atmosphere is industrial emissions
(ATSDR, 1992).Barium concentrations raimg from 2 x 10 to 2.8 x 1& pgm?® (mean of 1.2 x
102 pgm® have been detected in urban areas of North America (ATSDR, 1B&2)m is
naturallyoccurringin most surface waters and in public drinkimgter suppliesBarium content
in U.S. drinkingwater supplies ramg from 1 to 20 g/L; in some areas barium concentrations as
high as 10,000 g/L have been detected (D, 1990). Barium is ubiquitous in soils, with
concentrations ramgg from 15 to 3,000 ppm (ATSDR, 1992Rarium is also found in many
foods. In most foods, the barium content is relatiely (< 3 mg100 g except for Bazl nuts,
which have a verpigh barium content (150-300 ig0 g (WHO, 1990).

The primaryroute of eposure to barium appears to beastgpn in drinkingwater and
food. A daily intake of 0.03-0.60 guBa/kg-dayfrom drinkingwater can be estimated usitig
drinking water concentration of 1-2Qg{L, a reference consumption rate of/8dy, and body
weight of 70 kg The World Health Orgnization (WHO) (1990) reported several published
estimates of dietamntake of barium byiumans; dailyietaryintake rangd from 300 to 1,770
Hg Ba/day, with wide variations; this is equivalent to 4-2§ Ba’kg-day, assuminga 70 kgadult
bodyweight. The rang from these two sources combined is 0.004-0.028&aigy-day.



Table 1. Physical and chemical properties of barium and séected barium compounds

Barium Barium acetate Barium Barlq m Bariu m Barium oxide Barium sulfate
carbonate chloride hydroxide
CAS Rajistry 744039-3 543-80-6 513779 10361372 17194002 1304285 772743-7
nunber
Molecular Ba Ba(CH,0,), BaCO, BaCl, Ba(OH), BaO BasSQ
formula
Molecular 137.3 255.45 197.37 208.27 171.38 153.36 233.4
weight
Melting point, 710 41 1,740 960 408 1,920 1,580
°C
Boiling point, 1,600 no data deconposes at | 1,560 760 2,000 1,149
°C 1,300
Vapor pressure, | 10 at 1,049C no data essentially zero | essentially zero | no data essentially zero | no data
mm Hg
Water ®lubility, | deconposes 588 at 0C, 750 | 0.020 at 20C 375 at 20C 16.7 at 0C 1,500 at OC 0.00115 at OC
gL at 100C
Specific gravity | 3.5 at 20C 2.02 below 4.43 3.1 2.18 at 16C 5.72 4.58
24.7°C

Source: ATSDR, 1992.




3. TOXICOK INETICS RELEVANT TO AS SESSMENTS

3.1. ABSORPTION
3.1.1. Gastrointestinal Absorption

Data on gstrointestinal absorption of barium in humans are limited to a smgucted
by Lisk et al. (1988)In this mass balance studffone man consumirgsinde dose of 179.2
mg baium in 92 gof Brazil nuts, it was estimated thd at least 91% of thedosewas asorbel.

A wide ran@ of absorption efficiencies has been reported in animal studiseme
animal studies, @gtrointestinal absorption was reported to be < 11% (CudahdyGriffith,
1972; Cuddihyand Obg, 1973; Della Rosa et al., 1967; Tayet al., 1962).Some of these
studies mayave been terminated prior to completion of absorption (CuddhdyOng, 1973;
Taylor et al., 1962).Other studies reported relativeligh (30%-85%) gstrointestinal absorption
of barium (Richmond et al., 1960, 1962a, 1962b; Richmond archfer, 1970; Tdyr et al.,
1962). However, most studies determined absorptioadition of bodyburden to total urinary
excretion, after removal of thesstrointestinal tractThis method does not account for barium
absorbed andhen exreied in the fecesplasna clearance of bawim into the feces ray be
threefold geater than plasma clearance into the urimei€cki, 1971). The rang of reported
oral absorption factors for all animal studies was 0.7%-85.0Bs large variation maye
explained in pat by differences in studyduraion (length of timegastrointestind absorption wa
monitored), speds, ag, and fashg status of he anmals; however, hese egerimental
parameters did not affecagjrointestinal absorption of barium consisteiattigongthe different
studies. The presence of food in thesgrointestinal tract appears to decrease barium absorption,
and barium absorption appears to bénrgn younganimals as compared with older animals.

Richmond et al. (1960, 1962a,b) studied tb&tmgintestinal absorption of barium
chloridein severa animd species. Gastrointestind absorption wa gproxmately 50% in bagle
dogs compared with 30% in rats and mideylor et al. (1962) reportedsstrointestinal
absorption (thaleft in the carcass, dter removd of the gastrointestind tract, plus tharecovered
in urine) of 7%-8%, 20%, and 63%-84% of a $engavage dose of radiolabeled barium chloride
in older (6-70 weeks) nonfasted, older fasted, anohger (14-22 das) nonfasted rats,
respectivelyabsorption was measured oidly after administration of the barium, gasfing
that the studynayhave been terminated prior to completion of absorptidgsingthe 30-day
retention data from a studhy Della Rosa et al. (1967), Cuddiapd Griffith (1972) estimated
gastrointestinal absorption efficiencies of 0.7%-1.5% in adult leedagps and< 7% in younger
beade dogs (43-250 dayof age).

McCauleyand Washingon (1983) and Stoewsand et al. (1988) have compared absorption
efficiencies of several barium compoundarium sulfate and barium chloride were absorbed at
“nearly equivalent rates” (based on blood and tissue levels) in rats foll@simgle gavage dose



of similar barium concentrations (McCaulayd Washintpn, 1983). Similar concentrations of
barium were found in the bones of rats fed diets with equivalent doses of barium chloride or
barium from Bazil nuts. McCauleyand Washingpn (1983) sugested that the similaritin
absorption efficiencpetween barium sulfate and barium chloride imaye been due to the
ability of hydrodhloric acid in thestomah to solubilizesmdl quantities of baium sulfae. This

is supported byhe findingthat barium carbonate in a vehicle contairsngium bicarbonate was
poorly absorbed.The bufferingcapacityof sodium bicarbonate mdnave impaired the
hydrochloric acid-mediated conversion to barium chloridibe results of these studies gest

that soluble barium compounds and/or barium compoundsitidtaydissociated barium ion in
the acid environment of the uppesgointestinal tract have similar absorption efficiencies.

Barium sulfate is often considered to be a veoprly absorbed barium compounthe
results of the McCaulegnd Washingon (1983) studyprovide evidence that at low
conaentrations theabsorption of baum sulfde is similar to baium chloride High
concentrations of barium sulfate are likedyexceed the abilityf the gstric hydrochloric acid to
convert barium sulfate to barium chloriddowever, some of the barium sulfate will still be
absorbed.Statisticallysignificant increases in the levels of barium in the blood and urine were
found in humans ingpting 58 to 400 doarium sulfate in radio-opaque contrast materials (Mauras
et al., 1983; Claval et al., 1987).

3.1.2. Respiratory Tract Absorption

No data are available on respirattngct absorption of barium in human&nimal
studies provide evidence that barium compounds, inclyatogly water-soluble compounds
such as barium sulfate, are absorbed from the respitasaty Morrow et al. (1964) estimated
that thebiologcal hdf-time of ***Bal0, in the lower respiratoriract was 8 dagin dogs inhaling
1.1 /L barium sulfate (count median diametéMD] of 0.10 um, o, of 1.68) for 30-90 min.
Twenty-four hours after an intratracheal injection“tBaS0,, 15.3% of the radioactivitwas
cleared from thelungs. The baium sulfae was deared viamumdliary clearance mechanisms
(7.9% of initial radioactive burden) and via lutagblood transfer (7.4% of radioactivjty
(Spritzer and Watson, 1964 |earance half-times of 66 and 88 saere calculated for the
cranial and caudd regions of theracheain ras intraracheally administeed
2 ug *Bas0, (CMD of 0.34 1m, o, of 1.7) (Takahashi and Patrick, 1987).

Differences in water solubilitgppear to account for observed differences in respiratory
tract clearance rates for barium compountise clearance half-times of several barium
compounds were proportional to solubilitydogs exposed to aerosols of barium chloride
(activity median aerodyamic diameterAMAD] of 2.3 ym, o, of 1.5), barium sulfate (AMAD of
1.0 ym, o, of 1.6), heat-treated barium sulfate (AMAD of 0/8,o, of 1.4), or barium
incorporated in fused montmorillonite clpgrticles (AMAD of 2.2 m, o, of 1.7) (Cuddihyet
al., 1974).



3.1.3. Dermal Absorption

No data are available on dermal absorption of barium compounds.

3.2. DISTRIBUTION

The hidhest concentrations of barium in the badg found in the bone; appimately
91% of the total bodpurden is in the bone (MO, 1990). Reeves (1986) notes that osseous
uptake of barium is 1.5 to 5 times hey than that of calcium or strontiurm the bone, barium
is primarilydeposited in areas of active bomewgth (WHO, 1990). The uptake of barium into
the bone appears to be rapfdne dayafter rats were gosed to barium chloride aerosols, 78%
of the total barium bodigurden was found in the skeleton; iy dag postexyosure, more than
95% of the total bodburden was found in the skeleton (Cuddgtyal., 1974).

The remainder of the barium in the badyound in soft tissues, i.e., aorta, brain, heart,
kidney, spleen, pancreas, and IuMyHO, 1990). High concentrations of barium are sometimes
found in the eg, primarilyin the pignented structures (Reeves, 198B)cCauleyand
Washingon (1983) found that 24 h after administration of an oral do$€R#Q, to dogs, **'Ba
levels in theheart were three times higher than theconcentraion in theeye, skdetal musde, and
kidneys (conceentrations in theeye, musde, and kidng/s were similar). Additiondly, thelevels in
the heart, ey, skeletal muscle, and kidrsayere hidner than the whole-blood concentration,
suggestingthe ability of soft tissugo conaentrae baium.

3.3. ELIMINATION AND EXCRETION

Barium is exreted in the urine and feces followiatal, inhalation, and parenteral
exposure. The feces is the primarpute of exretion. At a normal intake level of 1.33 rfuay
(1.24, 0.086, and 0.001 agy from food, water, and air, respectivelgpproxmately 90% of
the barium is esreted in the feces and 2% in the urineh{®eder et al., 1972)ipton et al.
(1969) found similar results; in the two men studied, 95%-98% and 2%-5% of théalauimn
intake was egreted n the feces and ure, respectely.

The biologcal half-time of barium is relativelghort. Half-times of 3.6, 34.2, and 1,033
days were estimated usingthree-component panential function (Rundo, 1967ollowing
inhalation eposure td*Bad,-**LaCl, (AMAD of 1.6-2.1 pym, g, of 2.0), a phgical half-time
of 12.8 dag was estimated in belegdog (Cuddihyand Griffith, 1972).

4. HAZARD IDENTIF ICATION



4.1. STUDIES IN HUMANS—EPIDEMIOLOG Y, CASE REPORTS, AND CLINICAL
CONTROLS

4.1.1. Oral Exposure

Wones et al. (1990) administered barium (as barium chloride) in the driwvkiieg of 11
healthymale volunteers (4 black and 7 white) whosesagngd from 27 to 61&ars (mean 39.5
and median 41ears of ag). None of the subjects was takingymedications and none had
hypertension, diabetes, or cardiovascular diseBsgum concentrations in the drinkinvgater
consumed byhe subjects prior to the studiere known to be verpw. The subjects wereen
1.5 LU/dayof distilled water containingarious levels of barium chloridéNo barium was added
for the first 2 weeks, which served as a control period; 5 ppm barium (0.B&ktgday using
70 kgreference weigt) was added for the neg weeks, and 10 ppm barium (0.21 Begkg-
day) was aldel for thelast 4 weks of thestudy Diets weae controlled to mimicAmerican
dietarypractices (barium content of the diet was not determined, but the authors mentioned that a
typical hospital diet provides 0.75 nBg/day, or 0.011 md@a/kg-dayusing70 kgreference
weight). All beverags and food were provided, and subjects were instructed to consume only
what was providedThe subjects were instructed to keep their level ef@ge constant and to
abstain from alcohol, and smokers were told to smoke consistierdlygout the study
Systolic and diastolic blood pressures were measured in the mamihgvening Blood was
collected at the begningand periodicallyparticularlyas four consecutive daisamples at the
end of each of the three stuplgriods. Twenty-four-hour urine collections were performed at the
end of each studgeriod. Twenty-four-hour continuous electrocardi@ghic monitoringvas
performed on 2 consecawe day atthe end of eachstly period.

Blood pressures were not sificantly affected bybarium eyosure at angose level.No
significant alterations in serum calcium levels were observed (9.11, 9.23, and 3d23aintipe
0, 5, and 10 ppm @osure levels, respectivélyWhen the serum calcium levels were
“normalized” for differencesm abumin levels, a sgnificantincreased = 0.01) was observed
(8.86, 9.03, and 9.01, respectivelyhis type of adjustment has been considered unreliable
(Sutton and Dirks, 1986)The studyauthors attributed the increase in adjusted serum calcium
levels to a sight decreaseni serumalbumin. The ncreasen serumcakium levels was
considered borderline and not clinicatlignificant. No significant changs were observed in
plasmatotd cholesterol, triglyceride, LDL or HDL cholesterol, LDL:HDL ratio, and
apolipoproteins Al, A2, and;Bn serum tucose, albumin, and potassium levels; or in urinary
levels of sodium, potssium, vaillymanddic [sic] acid, or metanephrineglectrocardiogams
reveakd no changs in cardac cyle intervals, including the QT nterval; the stidy auhors nogéd
that the lack of shorteningf the QT interval provided evidence that theldligicrease in serum
calcium was not clinicallgignificant. In addition, no sigificant arrhghmias, no increase in
ventricular irritability, and no apparent conduction problems were seen with barjposuae. A
no-observable-adverse-effect level (NOAKIE 0.21 mgBa/kg-daycan be determined from the
10 ppm barium gxosure regne that was used for the last 4 weeks of the study



Brenniman and &vy (1984) reported a retrospective epidemigletudyof mortalityand
morbidity in populations livingn communities inllinois with elevated levels of barium in
municipal drinkingwater ¢ 2-10 mdL, 0.06-0.3 md@a/kg-dayassumingvater consumption of
2 L/dayand weidpt of 70 kg or low levels of barium in drinkingzater & 0.2 mgL, 0.006 mg
Balkg-day). Portions of this studwere published previous(Brenniman et al., 1979, 1981).
Bariumwas he ony drinking water conaminantthatexceeded dnking water regulations of he
time in anyof the public drinkingvater suppliesThe communities were matched for
demogaphic characteristics and socioeconomic stait@nmunities that were industrialized or
geographicallydifferent were esgluded. Although the studyattempted to estude communities
with high rates of population chaggwo of the four hig-barium communities had about 75%
changp in population between 1960 and 1970, but were kept in the futhck of satisfactory
replacenens.

In themortdity study age-adjusted mortdity rates for ardiovasaular diseases
(combined), heart diseases (arteriosclerosis), and all causes for kesthoggther were
significantly (p < 0.05) hidner in the elevated barium communities compared with the low-
barium communities for theears 1971-1975These differences were lalg confined to the
population 65 gars old or olderThis studydid not control for several important variables such
as population mobilityapproxmately 75% turnover in two of the four Hgbarium communities
from 1960 to 1970), use of water softeners that would remove barium from and add sodium to
the water supplyuse of medication bstudysubjects, and other risk factors such as smoking
diet, and exercise As aresult, it is not possibléo assign a causd relationship béween mortdity
and exosure to barium.

The morbiditystudywas conducted on two communities, McHeang West Dundeel.)
which had similar demagphic and socioeconomic characteristics, but a 70-fold difference in
barium concentrations in drinkingater. The mean concentration in McHetsydrinkingwater
was 0.1 m@al/L, whereas the mean concentration ies\Dundee’s drinkingvater was 7.3 mg
Ba/lL. Thelevels of othe minegals in thedrinking water of thetwo communities were staed to
be similar. Subjects were selected randorfrlym a pool that included evepgerson 18 gars of
ace or older in a random sample of blocks within each commuAitysubjects underwent three
blood pressure measurements (taken over a 20-min period with a calibrated electronic blood
pressure apparatus) and responded to a health questionnaire that included such variables as sex
age, weidnt, heidht, smokinghabits, familyhistory, occupation, medication, and fsgian-
diaghosed heart disease, stroke, and renal dis&xte. were anaied usinghe signed ranked
testfor age-spedic raes, he weghted Ztest for prevaénce rats, and angsis of variance for
blood pressuresNo significant differences in mean stplic or diastolic blood pressures or in
rates of hpertension, heart disease, stroke, or kidtisgase were found for men or women of
the two communitiesA more controlled studwas conducted on a subpopulation of the
McHenryand West Dundee subjects who did not have home water softeners, were not taking
medication for hgertension, and had lived in the stuymmunityfor more than 10sars. No
significant differences were observed between the mestolgyor diastolic blood pressures for
men or women of these subpopulations in the low-barium (0.Bathg 0.0029 md@Ba/kg-day



assumingwater ingestion of 2 L/day and 70 kgweight) and devated-baium communities (7.3

mg Ba/L, 0.21 mgBa/kg-day). Thus, the dosagassociated with the elevated barium levels, 0.21
mg Balkg-day, is a NOAELfor hypertension and possibfgr kidneydisease as well, altholg
kidneydisease was addressed dmthe health questionnaire.

A study of trace eémentsin ribs of etlerly Japanese peopland lhe presence ohtee
chront diseases—cancer, cerebrovaaculanage (infarcton or henorrhage in the cerebrury
and osteoporosis or transcervical and vertebral fracture—at auggesyed that mean rib
barium concentraions wee higher in thecases tha were positivefor cerebrovasaular damage
than in those that were ratiye (Yoshinaget al., 1995).The people had no known occupational
exposure to trace elementBotential risk factors (other than trace element levels in bone) for
these conditions were not investigd. In addition, the association between bone barium levels
and cerebrovascular dangegpplied onlywhen the bone anays were performed kigductively
coupled plasma mass spectroméamnd not byother techniques)The number of cases anzdyl
by this technique was onB5. Thus, althoul the results are consistent with a potential
cerebrovascular effect of barium, the value of this stindgsessinthe toxcity of barium is
questionable.

4.1.2. Inhalation Exposure

The database on the toiy of inhaled barium compounds in humans consists primarily
of studies of occupational pgsure to barium sulfate or barite ore or to unspecified soluble
barium compoundsSeveral case reports (g.§endertass and Greenind953; Seaton et al.,
1986) and a prospective studynducted byoig (1976) have reported baritosis in barium-
exposa workes. Baritosis is onsideed abenign pneimomniosis raultingfrom theinhdation
of barite ore or barium sulfat&he most outstandinigature of baritosis is the intense
radiopacityof the discrete opacities that are usuphyfuselydisseminated throingut the lung
fields; in somecases the opatities ma beso numeous thathey appear confluent. The Third
Conference of Bxerts on Pneumoconiosis (AG&11992) noted that barium sulfate produced a
noncollagnous tye of pneumoconiosis in which there is a minimal stromal reaction that
consists mainlyf reticulin fibers, intact alveolar architecture, and potentraersible lesions.
The avdiable hunan daa on bartosis sugjest thatthe accuralation of barumin the ungs does
not result in melical disability or synptomaology. A decline in theprofusion ad opaity
density sugyestinga decrease in the amount of accumulated barium in theHasdeen
obseved severa years dter termindion of exposure Studies by the Nationd Institutefor
Occupational Safetsind Health (NDSH, 1982) and &hiesche et al. (1992) on soluble barium
compounds did not include radraghy, these studies focused on the potential for barium to
induce sgtemic effects (e.gincreases in blood pressure, kidedfgcts, electrocardiogm
[EKG] alterations).

Doig (1976) conducted a prospective stuayworkers at a bariteigding facility.
During the initial investigtion in 1947, five workers emplegl for more than 3.5ears were
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examined. No evidence of baritosis was observed in ahthe workers.In 1961, eigt workers
(26-45 years of ag, mean of 32gars) emplogd for 3.5-18 gars (mean of 9ears) were
examined (one of these workers was alsansixed in 1947).Seven of the workers reported no
respiratorysymptoms; one worker reported a sligoccasional coug No abnormal syptoms
were noted duringhe phgical ex@amination of seven of the workers; crepitations dispelled by
cough were observedione worker (nothe sane worker repoling an occasinal coudh).
Pneumoconiosis was detected in the ra@diplgs of seven workerg hree other workers
employed for 1 mo to 1 ar were also emined in 1961.Two of these workers reported having
slight coudns, but no abnormal findisgvere observed durirtge phyical examination and the
chest radiotaphs were normalAt this time, dust concentrations ramgfrom 2,734 to 11,365
particles per cubic mlvere measured usirggthermal precipitator; the concentration of barium
in the dust was not measureBlarite samples were analyd for quartzsilica, and iron content.
No quatz wes deected, and thetotd silica and totd iron (as Fe,0,) concentrations were 0.07%-
1.96% and 0.03%-0.89%, respectively

Ten of the eleven workers @axined in 1961 were rearined in 1963 (18 mo later).
Two new cases of pneumoconiosis were wiesgd. Thus, 9 of 10 workers @osed to barium
sulfate for 1.5 to 19.5ears (mean of 8.22@rs) had well-marked baritosiShree of these
workers reported a shg or occasional colgand none had dpnea.Amongthe nine workers
with baritosis, three did not smoke, four smoketl pack/dayand two smoked > 1 pack/dain
six of the seven workers with previousliaghosed baritosis, no sigicant changs in the degge
of pnaimomniosis wee obseved; an inaease in thenumbe of opaities was obseved in the
seventh workerSpirometric lungunction tests (vital capacitflow rate, and forced @xratory
volume) were performed in five workerbor three of these workers, the results of the lung
function tests were similar to predicted normal values (89%-119% of predicted vdluag).
function was below normal in the other two workers (70%-85% of predicted valties).
guestionable whether the impaired Idngction was related to bariummosure. One of the two
workers was an alcoholic and hearnjoker, and the other had a fibrotidtigniddle lungobe
that probablyesulted from a childhood iliness.

In 1964, the baritergnding facility closed. Follow-up examinations were performed in
1966, 1969, and 1973 on five of the workefgrmination from barium gosure resulted in a
decline in the profusion and densitfjopacities.In 1966, there was sl clearingof opacities;
by 1973, there was a marked decrease in profusion and deNsitsignificant changs in lung
function were observed durirtis 10-year period.

NIOSH (1982) conducted a health sureéypast and present workers at the Sherwin
Williams Compay's Coffeyville, KS, faility. Work peformed at thefacility included grinding,
blending and mixing mineral ores. At the time of thestudy four proesses weae in opeation:
“ozide process,” which involved blendisgveral gades of mc oxde; “ozark process,” which
involved baging very pure 2nc oxde powder; “basite process,” which involvedropding and
mixing several gades of barium-containingres; and “sher-tone process,” which involved
mixing inert clays with animd tallow. A medical evaludion was peformed on 61 arrent
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workers (91% participation) and 35 laid-off or retired workers (27% participatiafgrmation

on demogaphics, frequencygf various sypnptoms occurringluringthe past 2 mo, chemical
exposure, occupational histgrgmokinghistory, and historyof renal disease, allegs, and
hypertension was obtained from directed questionnalreaddition, spot urine and blood
samples and blood pressure measurements were takpasures to barium, lead, cadmium, and
zinc were estimated from 27 personal samples collected over agedag. In the seven

personal breathingone samples collected from the btgyarea, the levels of soluble barium
ranged from 87.3 to 1,920.0gim® (mean of 1,068.5¢gim’), lead levels rareg from not detected
to 15.0 /m® (mean of 12.2 g/m?, excludingthe two no-detect samplesjne levels rangd

from 22.4 to 132.0 g/m* (mean of 72 g/m?), and all seven samples had no detectable levels of
cadmium. Soluble barium was also detected in breatlzmge samples in the ai area (10.6-
1,397.0 jg/m°, mean of 196.1 ¢fm°), ozde area (11.6-99.5gim*, mean of 46.8 ggm®), and
sher-tone area (114.3-167.§/m®, mean of 70.45 gfm®).

Two approaches were usadanal/ze the resuls of he heath survey In the first
approach, the workers were divided into fiveups based on current job assients. Of the 61
currentworkers, 14 workedhithe bayite area. No sttstically significantincreasesnithe
incidence of subjective syptoms (e.g headache, coagnausea) or differences in mean blood
lead levels, number of workers with blood lead levelsre&tgr than 39 gldL, mean free
enythrocyte protoporphgin (FEP) levels, mean hematocrit levels, mean serum creatinine levels,
number of workers with serum creatinine levelsmafager than 1.5 nidL, number of workers
with blood urea nitrogn (BUN) levels of geater than 20 nidL, blood pressure, or mean urine
cadmium levels were observed between the diffenentpsg of workersin the second approach,
the workers were divided into severogps based on past job assigents. One goup consisted
of 12 workers workingn barium process areas (&g process and other processes nodomny
operation at the facilitthat involved egosure to barium ores and barium carbonate) for at least
5 years; barium gxosure levels were not reported for thisup of workers.The results of the
health surveyor the barium-egosed workers were compared with results for 25 workers who
stated that thelpgad never worked in barium process ardés statisticallysignificant differences
in mean ag, number of gars emplogd, number of current or past smokers, prevalence of
subjective synptoms, man FEP levels, mean henaoait levels, men urinecadmium levels,
meanf2-microglobuiin levels, or the prevaénce of workers wh elevaed seruntreatnine,
BUN, or urine protein levels were observed between the tawapg. The number of workers
with elevated blood pressure (defined ast@yc pressure 140 mm Hgor diastolic pressure
> 90 mm Hg or takingmedication for hgertension) was smgficantly higher = 0.029) in the
barium-eyosed goup (7/12, 58%) than in the comparisaoup (5/25, 20%).The number of
workers in the bariumrgup with blood lead levels of > 33fdL was lower than in the
comparison goup (0% vs. 28%); however, the difference was not statistis@hyficant
(p = 0.072). Additionally there was no sigficant difference between mean blood lead levels in
the barium-eposed workers (24gidL) and the comparisorrgup (32 jg/dL). Although the
results of this studguggest an association betweerpesure to barium and pgrtension, the
results should be interpreted cautioustgause (1) a small number of workers wegarered,
(2) it appears that blood pressure was measuredanhy, and (3) the workers wergoesed to a
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number of other chemicals, includitend, which is associated with an increase in blood
pressure.

The health effects associated with occupationpbsure to barium duringrc welding
with barium-containingstick electrodes and flugored wires were investaged byZschiesche et
al. (1992). A group of 18 healthyvelders not usingarium-containingonsumables in the past
10 day were divided into threergups: group A (n = 8, mean &gof 30.4 yars) performed arc
weldingwith barium-containingtick electrodes,rgup B(n =5, mean agof 43.6 pars)
performed arc weldingiith barium-containingelf-shielded fluxcored wires, andrgup C
(n =5, mean agof 32.0 gars) performed arc weldinvgth barium-containingelf-shielded flux
cored wires usingweding guns with built-in vatilation systans. All welders peformed
weldingwith barium-free consumables on Thursday Fiday of the first week of the study
Barium-containingconsumables were used duringek 2 of the studgnd on Mondapf week
3. The subjects welded for an aveeanf 4 h per dayThe averag barium concentrations in the
breathingzones were 4.4 (raegf 0.1-22.7), 2.0 (0.3-6.0), and 0.3 (0.1-1.5)midor groups A,
B, and C, respectivelyNo exposure-related subjectiveraptoms of health or neurolmgl signs
were found.No significant differences between pre- and postshift EKG, pulse rate, whole blood
pH, base exess and standard bicarbonate, and plasma concentrations of sodinesiomagand
total and ionied calcium were observeduring week 2, decreases in plasma potassium
concentrations were observed nogps A and C; the levels returned to the normaleamgler
continuation of barium gosure and were not statisticatlifferent from levels duringveek 1
(no barium eposure). This drop in serum potassium levels was not observeipd3 which
had a similar barium gosure level asrgup A.

4.2. PRECHRONIC/CHRONIC STUDIES AND CANCER BIOASSAYS IN
ANIMALS —ORAL AND INHALATION

4.2.1. Oral Exposure
4.2.1.1. Animal Studies With AdejuateDiets

Toxicity and carcinognicity studies of barium chloride ditlyate were conducted by
administeringhe chemical to rats and mice in drinkiwgter for 13 weeks and for 2grs (NTP,
1994). A preliminaryreport of the subchronic studies was published earli®idiy et al.
(1992).

In the subchronic studies (NTP, 1994), male and fem@&SBL mice (10 animals/dose
group/sey received barium chloride dillyate in drinkingwvater at concentrations of 0, 125, 500,
1,000, 2,000, and 4,000 ppm for 13 weeks (9%)ddysingthe weeklywater consumption and
bodyweight data, the authors estimated the dddges for the treatedayps as 15, 55, 100, 205,
and 450 m@Bakg-dayfor the males and 15, 60, 110, 200, and 493Baikg-dayfor the
females. The animals were fed NFO7 pellets; the barium content of the diet was not reported.
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Complete histopatholacpl examinations were performed on all mice in the control, 2,000 ppm,
and 4,000 ppmrgups, and histopatholmal examinations of the kidneywere performed on the
male mice in the 1,000 ppmayp. Organ and bodyweights were measured, and
neurobehavioral assessments (at 0, 45, and %) waye performed on animals of atbgps.
Cardiovascular studies and hematotognd serum electrdly analges were not performed on

the mce.

At 4,000 ppm, 6/10 male and 7/10 female mice died; survivors appeared debilitated.
125 ppm, 1/10 male mice diedll but one death occurred on or after week 5; the authors did
not discuss cause of deatNo animals died at other dogalgvels. Water consumption in the
male mice receiving,000 ppm was 18% lower than that of controls; in otheugs water
consumption was similar to that of controlst 4,000 ppm, bodyveights of both sess were
significantly reduced, with final bodweights 30%-50% lower than those for controls; absolute
kidneyweights were decreased in the males, and relative kidhegts were increased in the
females; and absolute and relativenting weidnts were decreased in both eexDecreased
relative and/or dsoluteliver weights wee seen in femdes & > 1,000 ppm and in males ordy
the hidh dose.

Chemical-related nephropatfkidneyinjury) occurred in 10/10 male and 9/10 female
mice of the 4,000 ppnmrgup. Lesions were charactead bytubule dilatation, renal tubule
atrophy tubule cell regneration, and the presence ofstays primarilyin the lumen of the renal
tubules. Lymphoid depletions in the spleen, tinys, and lynph nodes were observed in the
high-dose mice that died durinige studyand these depletions were attributed to the reduced
bodyweight and stressNo other histopatholagal changs were observed in anigsues,
includingtheliver.

A statistically significant decrease in fordimb grip strength was obseved & day 90 in
female mice receiving,000 ppm.Accordingto the authors, this findingiayhave been due to
debilitation of theanimds. No significant doserelated changes wee obseved in theothe
neurobehavioral endpoints (undifferentiated motor actithigrmal sensitivityudged bya tail
flick latencytest, startle-response to acoustic and air-puff stimuli, or hindlplstyendgh or
hindlimb foot splg).

Thus, for the mice, 4,000 ppm of barium in the drinkiveger (450 and 495 niga/kg-
day for themdes and fendes) @nstitutes asubdironic FEL for ngphropahy and mortdity. The
nex lower dose, 2,000 ppm (205 and 200 Bagkg-day) constitutes a subchronic NOAEL
Although absolute and relative liver wéitg were sigificantly decreased in the female mice at
this dose level, no histopathologl effects on the liver were seen at a@oge level, so the effect
is judged nonadverse.

In the same subchronic stu@yTP, 1994), male and femal@44/N rats (10
animals/dosermgup/se) received drinkingvater containind, 125, 500, 1,000, 2,000, and 4,000
ppm barium chloride dildrate for 13 weeks (95 dgly Usingthe weeklywater consumption and
bodyweight data, the authors estimated doses for the treadeggas 10, 30, 65, 110, and 200
mg Balkg-dayfor males and 10, 35, 65, 115, and 180Batkg-dayfor females.The animals
were fed NH-07 pellets; the barium content of the diet was not repo@eanplete
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histopathologal examinations were performed on all rats in the control and 4,000 pmpg
In addition, histopatholagal examinations were performed on the kidnkeyer, spleen, and
thymus of all rats in the 2,000 ppmagip and on the adrendgd, heart, and salivagyand of
female rats in the 2,000 pprmogip. Hematologcal and serum electrdly values, orgn and body
weights, neurobehavioral assessments (at 0, 45, and 9)) dagt cardiovascular studies (heart
rate, sgtolic blood pressure, and amadyof electrocardiog@ams) were recorded.

At 4,000 ppm, 3/10 male and 1/10 female rats died duhedast week of the study
These deaths were consideredhmsy authors to be chemical related; cause of death was not
evident on histopatholazpl examination. No animals died at lower dosatevels. Water
consumption in the male and female rats recei¢ifg0 ppm was decreased3ffo relative to
that of controls.Body weights of males and females, at this d@sagere sigificantly reduced
by approxmately 13% and 8%, respectivelyn comparison with the control§.he barium-
related orgn weicht changs consisted of decreased absolute and/or relative livehtgergboth
sexes at 4,000 ppm, increased absolute and relative kideéts in female rats at 2,000
ppm, and increased relative kidnggights in male rats at 4,000 pprdepression of the
absolute thgnus weidnts occurred at 4,000 ppm in female rafbe authors attributed the
differences in relative or absolute angwveidhts at 4,000 ppm in ocags other than the kidneg
the decrease in mean bodgights. Organ weidht changs in the kidneyvere considered to be
assocated wih chemicatinduced rendlesions.

Chemical-related kidnelgsions occurred in 3/10 male and 3/10 female rats at 4,000 ppm.
Thelesions wee limited to minimato mild, foc to multifoca areas of dilatation of the
proximal convoluted tubulesCrystals were not present in the kidneypules. No such renal
lesions were seen in controls or the lower dases. The chemical-related kidnégsions were
different from the spontaneous eddgions of nephropatthat occur in ratsLymphoid
depletions in the spleen and tiys were observed in the rats receivihg00 ppm that died
duringthe study No other histologral changs were observed.

Statisticallysignificant decreases in the nmatyide of undifferentiated motor activityere
observed at da§0 in rats of both sex at 4,000 ppmMargnal decreases were seen in all other
barium-exyosed goups exept the 1,000 ppm femaleblo sigiificant or dose-related chaesy
were observed in the other neurobehavioral endpoints (thermal sengitigiy bya tail flick
latencytest, startle-response to acoustic and air-puff stimuli, forelimb or hindliplstgengh,
or hindlimb foot splay The preliminaryreport of this studyDietz et al., 1992) stated that there
were no consistent effects on behavior produceloidoym chloride dihgrate and that the
neurobehavioral chaeg were attributable to theageral condition of the higdose rats and
mice. The final report byNTP (1994), however, did not discuss the¢ologcal significance of
the neurobehavioral test results in rats.

Serum electrolg determinations indicated that serum phosphorus waiicagmtly
elevaed n femalerats at > 500 ppm and in male rats:af,000 ppm, but serum phosphorus did
not increase with increasimpse in the affectedgups. Dietz et al. (1992) and NTP (1994)
stated that these elevations nin@yve reflected renal tubule dameadietz et al. (1992)
consdered he bological significance of liis chang in females © be narginal because of corl
values that were lower than historical control valuBise NTP (1994) concluded that the
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elevated values probablyere due to an artifact from hemsiy of the collected blood samples,
because the renal tubule lesions in rats were minimal to mild in sevedtgther chemical-

related or biologcally significant changes in seum dectrolytes or in henatology vaues were

seen. Cardiovascular studies in the rats revealed no barium-associated differences in heart rate,
systolic blood pressure, or electrocardiag.

Thus, in the rats, 4,000 ppm barium in the drinkieger (200 mdBa/kg-dayfor males
and 180 m@Ba/kg-dayfor females) constitutes a subchroniLFor mortality. Renal
histopathologal lesions were seen at this dose level but were not seDetection of
glomerular effects, however, would have required electron microsrapynalysis, neither of
which was performedGlomerular effects were seen duriglgctron microscopic @mination in
unilaterallynephrectomied rats gven 1,000 ppm barium (150 n&g/'kg-day) throudh the
drinking water in a studpy McCauleyet al. (1985).The nex lower dose level in the NTP
(1994) study2,000 ppm (110 mBakg-dayfor males and 115 miga/kg-dayfor females), may
be a subchronic lowest-observable-adverse-effect le@AHAL) for renal effects in females
based on the increased absolute and relative kideegt changs. The subchronic NOAEL
would be 1,000 ppm (65 nBg/kg-dayfor both sers).

In the chronic studgNTP, 1994), male and femalé&B83FL mice (60 animals/dose
group/sey received barium chloride dillyate in drinkingwvater at concentrations of 0, 500,
1,250, or 2,500 ppm for 103 weeks (males) and 104 weeks (fem@hesauthors estimated the
daily doses for the treatedayps usingneasured water consumption and badychts as 30, 75,
and 160 m@Ba/kg-dayfor males, and 40, 90, and 200 Bakg-dayfor females.The animals
were fed an NH-07 mash diet; the barium content of the diet was not repoftethe 15-mo
interim evaluation, venous blood was collected from all mice for hemataludyclinical
chemistry In addition, a limited number of mice (9, 10, 10, and 10 males and 10, 7, 10, and 6
females from the 0, 500, 1,250, and 2,500 ppougs, respective)ywere sacrificed at 15 mo.
The remaininganimals continued on the studgtil theywere moribund, died naturallgr were
sacrificed at the end of the studyecropsyand complete histopatholicgl examinations were
performed on all animalsBody weights were monitored and amgweights were determined at
15 mo. Neurobehavioral and cardiovascular studies were not performed.

At the 15-mo interim evaluation, the absolute and relative spleemts@fithe female
mice that received 2,500 ppm werersiigantly lower than those of the controls, and the
absolute and relative thus weidnts of hidi-dose male mice that received 2,500 ppm were
marginally lower than thoseof thecontrols. Determinaion of henaology and dinical chemistry
parameters (e.gphosphorus, calcium, and urea nigopat the 15-mo interim evaluation
showed no sigificant differences between control angeged mice.

At 2,500 ppm, survival rates for mice at the end of s{6&9o for males and 26% for
females) were sigficantly lower than those of the controls (89% for males and 76% for
femaes). The redudbn in survival becane apparenin femeles atweek 15 andn males atweek
65 and was attributed to chemical-related renal lesiBasvival was not sigficantly lower
relative to aontrols & thelower dosae levels. In mde and femde high-dosemice, thefinal
mean bodyweights were 8% and 12% lower, respectiyéhan those of the corresponding
control goups. Water consumption was not affected fgrium.
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The incidence of nephropatly the end of the studyas sigificantly increased in mice
receiving2,500 ppm.In order of controls throumghighest dose, incidences were 1/50, 0/50, 2/48,
and 19/50 in males and 0/50, 2/53, 1/50, and 37/50 in femahesnephropathgt the higpest
dose was chemical related and morphwially distinct from the spontaneous @agrative
lesions commonlpbserved in agg B6C3FL mice. The lesions were charactexd bytubule
dilatation, renal tubule atrophtubule cell regneration, hgline cast formation, multifocal
interstitial fibrosis, and the presence ofstays, primarilyin the lumen of the renal tubules.
Lymphoid depletions in the spleen, thys, and lynph nodes were observed inlidose male
and female mice, particularig animals that died earlpnd were thoug to be the result of
debilitation assocated with ngohropahy. Thee were no othe chemical-related histologcal
changs.

Thus, in mice, 2,500 ppm barium in the drinkimgter (160 md@a/kg-dayfor males and
200 mgBa/kg-dayfor females) constitutes a chroniElFfor severe nephropattand decreased
survival in the NTP (1994) studyl'he nex lower exposure level, 1,250 ppm (75 rBgVkg-day
in males and 90 mBa/kg-dayin females), is a chronic NOAEL

The incidences of neoplasms in the bariumesed mice were not sidicantly higher
than in control miceln the 2,500 ppm female mice, the incidences of several neoplasms were
significantly lower than in thecontrols; theauthors #&ributed this findingto themarked
reduction in survival in the barium-pased animals.

In the same chronic stug{MTP, 1994), male and femal@44/N rats (60 animals/dose
group/sey received drinkingvater containind, 500, 1,250, or 2,500 ppm barium chloride
dihydrate for 104 weeks (males) or 105 weeks (femalBls@ authors estimated dadpses for
the treated gpups usingneasured water consumption and badyghts as 15, 30, and 60 mg
Balkg-dayfor males, and 15, 45, and 75 mgkg-dayfor females.The animals were fed an
NIH-07 mash diet; the barium content of the diet was not repof@da 15-mo interim
evaluation, venous blood was collected from all rats for hematalod clinical chemistryIn
addition, a limited number of rats (10 from eacbup) were sacrificed at 15 mdhe remaining
animals stagd on the studyntil theywere moribund, died naturallgr were terminally
sacrificed. Necropsyand complete histopatholiegl examinations were performed on all
animals. Body weights were monitored throtgut the studyand orgn weichts were
determined in theanimads killed & 15 mo. Neurobéhavioral and crdiovasaular studies were not
performed.

A margnally increased survival of @osed male@ups (percent probabilityf survival:
62%, 58%, and 67% for the 500, 1,250, and 2,500 ppupg, respectivejycompared with that
of the male controls (44%) was attributed to a decreased incidence of leuemieval of the
females was not sigficantly affected. For male rats receiving,500 ppm, the final mean body
weights were 5% lower than for control$he final mean bodweights of females receiving
1,250 and 2,500 ppm were 6% and 11% lower, respectibely those of controls/Vater
consumption was decreased in a dose-related manner; athiestregposure level the decrease,
relative to aontrols, wa 22% in mées and 25% in fendes.
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Absoluteand rdative organ weaghts, déermined only a the 15-mo inteim evaluation,
were not dfected in themdes. In thefemdes, astaistically significant (p < 0.01) increase in
relative kidneyweights occurred at 2,500 ppnBody weights in the females at 15 mo were
decreased b9% at 2,500 ppm in comparison with controls, whereas kidmgghts in this
group were sligtly increased relative to those of controBetermination of hematolggralues
and clinical chemistryalues (e.g phosphorus, calcium, and urea nignpat the 15-mo interim
evaluation showed no sidicant differences between control angeged rats.

Chemical-related kidnelgsions were not observed in rats in these&-gtudies; the only
potential indication of rend toxicity was theincreased rdative kidney weight seen in thefemaes
at 2,500 ppm.In addition, there were no chemical-related histcllgchangs in anyother
organs or tissuesThus, the higest eposure level tested in this styd@/500 ppm barium in
drinking water (60 m@Ba/kg-dayfor males and 75 mBa/kg-dayfor females), maype a chronic
NOAEL or LOAEL for rats, dependingn interpretation of the increased relative kidneyoht
in females.When considered tether with the results in the 13-week NTP (1994) stndwats,
in which increased relative and absolute kidweyohts were seen in female rats receivg00
ppm barium in drinkingvater (115 md3a/kg-day) and kidneylesions and igater increases in
relative and absolute kidneyeights were seen in female rats at 4,000 ppm (18®afigg-day),
the increased relative kidneyeight in females of the 2ear studyare sugestive of potential
renal effects.Therefore, 75 m@akg-dayis desigated a chronic QAEL and 45 m@Ba/kg-day
a chronic NOAELfor female rats for renal effects in the NTP (1994) study

No stdistically significant inaeases in theincidence of neoplasms wee obseved in the
barium-eyosed rats Significant negtive trends were observed in the incidence of mononuclear
cell leukemia in male rats (35/50, 25/50, 26/50, and 15/50 in 0, 500, 1,250, and 2,500 ppm
groups, respective)ybenigh and maligant adrenal medulla pheochromtmeya in male rats
(13/49, 11/50, 12/49, and 6/50, respectiyedynd mammargland neoplasms (fibroadenoma,
adenoma, or carcinoma) in female rats (17/50, 21/50, 13/50, and 11/50, respectively
Additionally, the incidences of mononuclear cell leukemia in the male rptsed to 500,

1,250, and 2,500 ppm and adrenal medulla pheochrdomayin male rats gosed to 2,500
ppm wee significantly lower than theincidences in thecontrols.

McCauleyet al. (1985) reported histoliegl, electron microscopic, electrocardiagh,
and blood pressure studies in ratgeg barium in their drinkingvater for various durations and
fed Purina rat chow (contributirgignificant barium intake) or Tekland rat chow (insigcant
barium intake).In the histolog studies, CD Sprage-Dawleyrats were fed Purina rat chow
containingl2 ppm barium.The three eposure regnens were as followsf1) male CD Sprage-
Dawleyrats (12/goup) were egosed to 0, 1, 10, 100, or 250 ppm barium (barium chloride) in
drinking water for 36 weeks; (2) female CD SpuagDawleyrats (12/goup) were egosed to O
or 250 ppm barium in drinkingyater for 46 weeks; and (3) male CD Sp&dawleyrats
(10/goup) were egosed to 0, 1, 10, or 100 ppm barium in drinkiveger for 68 weeksThe
authors reported that no sifjcant differences in food or water intake or badgight were
observed, butheydid notreportthe actial dab. Theystated hatrats receving 10 ppmbarum
in the drinkingwater ingsted 1.5 mda/kg-dayfrom water and 1 mga/kg-dayfrom the Purina
diet. This baium inteke was usel to estimate totd barium inteke for theothe exposurelevels.
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Thus, the estimated total barium intakes were 1, 1.15, 2.5, 16, and 3Bdadagfor the O, 1,
10, 100, and 250 ppm concentrations for afiasure regnens.

Histologcal evaluations of an ¢snsive number of tissues, includigastrointestinal
tract, liver, heart, adrenaland, brain, respiratotyact, spleen, thyus, kidneg, ovaries, and
testes, did not reveal barium-related lesioNs. alterations in hematocrit levels were observed.
A retinal lesion (“focal absence of the outerdayof the retina”) was observed in 5/12 males
exposed to 100 ppm but 0/11 malepesged to 250 ppm for 36 weeks, 7/12 femalgms&d to
250 ppm for 46 weeks, 1/10 male controlp@sed for 68 weeks, and 2/10 males in each of the
1, 10, and 100 ppnrgups eyosed for 68 weeksBecause this lesion does not appear to be
dose- or duration-related, its relationship to bariuposyre is uncertainRetinal dgtrophyis
common in CD Sprage-Dawleyrats (Schardein et al., 1975); incidence depends on intenfsity
light and cag composition (clear plastic or stainless steel) and pagition in relation to ligt
sources (Bllhorn, 1980).No sigiificant increases in the incidence of neoplasms were observed
in thebaium-exposel ras, but thestudydurdion is less tha alifetime and would hae misseal
late-developingtumors.

In the electrocardiagphic studyCD Sprage-Dawleyrats (10-11/goup, sexnot
specified) were igen drinkingwater containin@ or 250 ppm barium (as barium chloride) for 5
mo and Purina rat chow (estimated intakes of 1 and 38 Batkg-day, based on the estimates
for the histolog study. Data were obtained at 0, 4, and 60 min after an intravenous injection of
0.5 pg/kg of L-norepinephrine (NE)Barium induced a sigificant enhancement of NE-induced
bradycardia compared with controls 4 min after NE administration, b@0lyin, the heart rates
of controls wee still depressal, wheaeas thoseof baium-exposeal animds were gpproahing
normal. No significant alterations in the PR, QS, QT, and ST interval durations or peak
amplitudes were observedhe toxcologcal siquificance of these findirgis uncertain.

In the blood pressure studyD Sprage-Dawleyrats (6/goup, sexwas not specified)
were fed Tekland rat chow (0.3 Ba/kg-day) and administered barium in drinkimgater for 16
weeks. Normotensive rats received 0, 3, 10, 30, or 100 ppm barium in drinkatey or in 0.9%
sodum chloride soution as dmking water. Unilaterally nephreadmized ras receved 1, 10,
100, or 1,000 ppm barium in nelgr drinkingwater or in 0.9% sodium chloride as drinking
water. Usingdata from the histolggstudy the doses corresponditmO, 1, 3, 10, 30, 100, and
1,000 ppm were estimated to be 0, 0.15, 0.45, 1.5, 4.5, 15, and 1B8kogglay, respectively
All of these goups showed fluctuations of blood pressure but petgnsion.Dahl salt-
sensitive rats, gposed to 1, 10, 100, or 1,000 ppm barium in 0.9% sodium chloride for 16 weeks,
had a transientlglevated blood pressure (approately 150-160 mm Hyduringthe first 1-2
weeks of eposure to 1 or 10 ppm bariurithe response at the 1 and 10 ppm barium levels was
explained as a normal response to the 0.9% sodium chloride in the dnvkieg Blood
pressure duringhe remainingperiod of eposure to 1 or 10 ppm barium or durithg entire
period of eyosure to 100 or 1,000 ppm barium was not indicative pétignsion.No
hypertension was seen in Dahl salt-resistant natnghe same @osures.Thus, there was no
indication that barium contributed togsrtension, but further interpretation of the results is
problematic because of the lack of 0 ppm barium/0.9% sodium chloride caotipkg
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Electron microscopic emination of kidnegin all the rats in the blood pressure studies
demonstrated no histopathologhangs in arteriolar vessel walls or in tubules of the nephrons.
However, structural chaeg in gomeruli (fused pododg processes and thickeniofjthe
capillarybasement membrane, andety figures in BBwman'’s space) were observed in the
1,000 ppm gpups. These changs are indicative of damago the domerulus that would be
evidenced as inefficientgmerular filtration, includingproteinuria. The onlygroups that
received 1,000 ppm barium were the unilatenaiphrectomied rats that received barium in
reqular drinkingwater or in 0.9% sodium chloride solution, and Dahl salt-sensitive and salt-
resistant rats that received barium in 0.9% sodium chlofhidemal CD $ragie-Dawleyrats
were not tested at this gasure level.No gomerular effects were seen at thetewer
exposure level, 100 ppm, in agyoup of rats, includingqormal CD Sprage-Dawleyrats that
receved barumin regular drinking water.

Thus, the studpy McCauleyet al. (1985) detected no adverse effect of barium on blood
pressure at drinkingzater eyosure levels up to 1,000 ppm (150 Begkg-day), the hidnest level
tested. The onlyeffect seen wadgmerular damagin unilaterallynephrectomied rats that
received 1,000 ppm barium in drinkimgater (150 md3a/kgday). The NOAELfor gomerular
effects in this studis 100 ppm (15 m@akg-day) in both unilaterallynephrectomied and intact
rats. The McCauleyet al. (1985) studis the onlystudythat examined the kidnefor glomerular
effects and also measured blood pressilitee applicabilityof dose-response data from renal
toxicity studies in unilaterallpephrectomied rats to intact rats or humans is uncertain, however,
because removal of renal tissue naffct sensitivityof the remainingdissue to nephrotaxs. A
reduction in renal mass, such as that producqehbyal nephrectomyesults in compensatory
adaptation of theremnant kidney tissueand assodated changes in a&llular meabolism and
function tha may affect the sensitivity of theanimd to nephrotoxcity. These changes indude
cellular hypertrophyand increased transport activitythe proxmal and distal tubule, chaegin
rend metabolism, and inaeased rend plasmaflow and domeular filtration rae (Zalups ¢ d.,

1987). Increased, decreased, or no clengusceptibilityto nephrotoicity has been
demonstrated in rats that have undeegyunilateral or three-quarter nephrectpdgpendingn
the chemical (Zlups and bsh, 1990; Aups et al., 1988)At present, it is not possible to
reliably predict which chemicals are likely be more or less taxor to have no chaegn
toxicity to unilaeraly nephrectomized ras.

Tardiff et al. (1980) eposed male and female Charles River rats (30 animals/dose
group/sex continuouslyto 0, 10, 50, or 250 ppm barium (as barium chloride) in drinkiatgr
for 4, 8, or 13 weeksThe authors estimated nBa'kg-daydoses for the treatedayps as 1.7,
8.1, and 38.1 for males and 2.1, 9.7, and 45.7 for femRlats were fed a diet of Tekland
mouse/rat diet pellets, which contributed a baseline dose ofjB&/kg-day. No deaths
occurred, and there were no clinicalrggf toxcity. Food consumption and bodyeights in the
treated goups were essentialtiie same as in the contrabgps. Water consumption, however,
was depressed in both gsxat 250 ppm bariumSlight decreases in relative adrenal virsg
occurred in mdes & > 50 ppm at 8 weeks and in females at all barium concentrations at 13
weeks, but these chaggmwere not dose related, and alsligicrease occurred in females at 250
ppm at 8 weeksNo treatment-related chaggywere seen in hematolegparameters, serum
alkaline phosphatase, SGOT, SGPTUNB serum ions (sodium, potassium, calciunnpsg
patholog, and histopatholggof the liver, kidney, spleen, heart, brain, muscle, femur, and
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adrenal tands. Blood pressure and endpoints sensitive fongerular damag(electron
microscopic eamination or urinargxcretion of protein) were not investited. This study
identifies a subchronic NOAE&f 250 ppm (38.1-45.7 mBakg-day).

4.2.1.2. Animal Studies With Restricted Diet

Perryet al. (1983, 1985, 1989) pased female weanlingongEvans rats to 0, 1, 10, or
100 ppm barium (barium chloride) in drinkimgter for 1, 4, and 16 mo (13 treated rats per
duration and 21 control rats per duratioDyinking water was fortified with five essential metals
(1 ppm molypdenum, 1 ppm cobalt, 5 ppm copper, 10 ppm raaege, and 50 ppnz). All
animals receved a rg-based @it with low trace netal conentbased onhtatused bySchroeder
and Mitchener (1975a,bBased on a time-welged averag (TWA) water intake (20 mHtay)
and bodyweight (0.334 kg estimated from reported values for the 16-mo period, barium doses
from drinkingwater can be estimated at 0, 0.060, 0.60, and 6.Batkg-day. The diet
contained 1.5 ppm bariunBased on the T\ bodyweight and a TWA food intake of 20 fglay
estimated from reported values for the 16-mo period, the barium dose from the diet can be
estimated at 0.090 nigg/’kg-day. Combiningthe doses from water and diet results in estimated
intakes of 0.09, 0.15, 0.69, and 6.09 Bagkg-day. The cumulative intake from drinkingater
and diet was reported blye authors as 16, 28, 134, and 1,198Ba/gat for the 0O, 1, 10, and 100
ppm goups at 16 mo (terminationpPividing the total doses bijhe TWA bodyweight and by
487 dag (16 mo) gves estimated doses from water plus diet of 0.098, 0.17, 0.82, and 7.4 mg
Balkg-day. These values are similar to those estimated above from the water and diet
concentrations of bariumAll the above estimates are approate because the authors reported
intake and bodyveight values onlyfor controls, statinghat the values for the dosegbgps were
no different. Accordingdy, the TWA bodyweight and water and food intake values above were
based on the control data and were used for pth&xe goups.

Systolic blood pressures and bogagights were measured at 1, 2, 4, 8, 12, and 16 mo,
and orgns (heart, liver, kidneyand aorta) were collected, wikay, and assag for barium at 1,
4, and 16 moNo chang in mean sgtolic blood pressure was seen inups eposed to 1 ppm
barium in the drinkingvater. However, after 8 mo of @osure to 10 ppm, meanssglic blood
pressure had increased®ynm Hg(p < 0.01) and continued to be sificantly elevated throug
16 mo (+4 mm Hgp < 0.01). Significant increasesp(< 0.01) in mean syolic blood pressure
were evident at 100 ppm startiag1l mo (+12 mm Hgand continuinghroudh 16 mo (+16 mm
HQg) of exposure to 100 ppm barium in the drinkwgter. An additional 12 rats gposed for 16
mo to 100 ppm had a reduction of ATP and phosphocreatinine content ofdbardiym,
depressed rates of cardiac contraction, and depressed elecuitadibty as compared with an
additional control goup of 18 rats.No mortalities were reportedsrowth rates were unaffected
by barium, as were tissue whig. A significant increase in barium levels was observed in the
hearts of rats g@posed to 100 ppmNo other changs in barium levels or oep weights were
reported. This studyidentifies a NOAELof 1 ppm (0.17 mda/kg-day) and a IOAEL of 10
ppm (0.82 md3alkg-day) for hypertension in rats maintained on low-mineral-content diets.

The differences in the cardiovascular outcome of the el (1983, 1985, 1989) study
as compared with the NTP (1994) and McCawesl. (1985) studies mdyave been confounded
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by differences in diet compositiorRats in the Perrgt al. (1983, 1985, 1989) studsere
maintained on a Brbased diet that contained low levels of several elements compared with
standard laboratorghow (e.g, Purina chow), includingalcium (3,800 vs. 12,000 ppm) and
potassium (7,600 vs. 8,200 ppnAnimals maintained on diets low in calcium and/or potassium
maybe more sensitive to the cardiovascular effects of baritime. calcium content of the above
rye-based diet is below the minimum requirement accordiige NRC (1995); the potassium
content is not.Acute effects of barium on the cardiovasculategn are modified bgalcium and
potassium.Barium has been shown to be a calciuroragt (Perryet al., 1989; Benniman et al.,
1981; Shanbakegt al., 1978; U.S. EPA, 1990;NO, 1990). Potassium alleviates the cardiac
effects and skeletal muscle effects associated with acute barium poig@aird et al., 1973;
Rozaand Brman, 1971; Diengft et al., 1964; U.S. EPA, 1990;ND, 1990). Perryand

Erlanger (1982) observed that rats maintained on thebgsed diet and pased to cadmium
developed hgertension, whereas rats maintained on standard chow pasegekto cadmium did
not. In view of a possible association between the barium-induced cardiovascular effects and
calcium and potassium intake, the applicabibtylose-response data from the Petrgl. (1983)
studyto RfD derivation is not considered appropriate.

Schroeder and Mitchener (1975apeged longEvans rats (52/séyroup) to 0 or 5 ppm
barium (barum aceate) in drinking water from weanng to natiral deah. Dosages fromdrinking
water were 0.61 mBa/kg-dayfor males and 0.67 miga/kg-dayfor females based on reference
bodyweights and water intakes from U.S. EPA (1988he diet was characteed as a “low
metal” diet, and it included 60%aeflour, 30% dried skim milk, 9% corn oil, 1% ioddz
chloride, and assorted vitamins; the barium content was not rep&asdm had no sigificant
effect on the gowth of males, but increased thewgth of older femalesThe lifespan of the rats
was not sigificantly affected. The incidence of proteinuria in malespesed to barium for
approxmately 152 dayg (at 173 dayof age) was sigificantly (p < 0.05) higper than in controls;
proteinuria was assesseddyipstick method, and the nmagide was not reportedzemale rats
at 532 and 773 dayf age had higer p < 0.001) serum cholesterol concentrations than did
controls tested at 516 and 769 slaffage. Serum ducose levels for males at thesesgvere
also different from controls but did not follow aneagelated patternThe authors attached no
biological or toxcologcal significance to these serum chemistegults. Histopatholog of
heart, lungkidney liver, and spleen did not reveal alteratiohk sigiificant increases in the
number of goss tumors were observed in the bariumpesed male (8/30) or female (15/33) rats
as compared with the controls (4/26 and 17/24 for males and females, respeclivisistudy
identifies a IOAEL of 0.61 mgBalkg-dayfor renal gomerular damagevidenced as proteinuria
in mde rats mantained on low-minea diets.

Schroeder and Mitchener (1975bpesged white mice of the Charles River CD strain
(36-54/sexto 0 or 5 ppm barium (as barium acetate) in drinkuager for their lifetimes.
Dosags from drinkingwater were 1.18 mBa/kg-dayfor males and 1.20 miga/kg-dayfor
females (U.S. EPA, 1988)[he diet was charactead as a “low-metal” diet, and it included
60% rye flour, 30% dried skim milk, 9% corn oil, 1% iodizchloride, and assorted vitamins;
the barium content of the diet was not report&dowth and bodyveights were not affected by
the barium treatmentdistology of the heart, lundiver, kidney and spleen was normdi
males, longevity (defined aslie mean Ifespan oftte st surviving five anmals of each sexn
each treatmentrgup) was sigificantly (p < 0.025) reduced; lomyity of the barium-treated
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males was 815 days compared with 920 dafor the controls.The mean lifespan, however,
was not affectedThe incidences of mphoma leukemia and lurtgmors in the male (7/37 and
4/37, respectivelyand female (5/21 and 3/21, respectiyehyce exposed to barium were not
significantly different from the incidences in the control mice (3/38 and 3/47 fopiyma
leukemia in males and females, respectivahd 5/38 and 9/47 for lurigmors).

4.2.2. Inhalation Exposure

Data on the taxity of barium compounds in animals followinthalation eposure is
limited to a subchronic studyonducted byrarasenko et al. (1977)n this studymale albino
rats (strain and number of animals peyup were not reported) wereposed to 0, 1.15, or 5.20
mg/m? barium carbonate (0, 0.80, or 3.6 Bam®) for 4 h/day 6 day/week for 4 mo.No
information on aerosoleperation or the sedistribution of the particles was reportda. the
introduction section of the paper, the authors states WAve demonstrated bilectron
microscopythat the sie of almost 80% of the dust particles is less tham?2, nowever, it is not
known if this statement refers to the aerosetsegated for this studyThe followingendpoints
were used to assess itcity: bodyweight gain, arterial pressure, hematoiogl (hemodtpbin,
leukocytes, and thromboggs) and serum chemistfglucose, phosphorus, total protein, alkaline
phosphatase, and cholinesterase) parameters, urine calcium levels, bromosulfophthalein test of
liver function, electrocardiogm measurement, and histalog examination (tissues exnined
were not listed).

The authors noted that no alterations were observed in the paiseeixto 1.15 mim?®
barium carbonateln the 5.20 mgn® group, a number of alterations were reported; however, it
does not appear that the data were statistiealfyed. The alterations included a 21% decrease
in bodyweight gain, a 32% increase in arterial pressure, altered hematalquarameters
(decreases in hemiadpin and thrombodg levels and increases in leukteclevels), altered
serum chemistrparameters (decreased augnd total protein levels, increased phosphorus
levels, decreased alkaline phosphatase actamitgt increased cholinesterase act)yitycreased
calcium levels in the urine, impaired liver function, and histclgalterations in the heart, liver,
kidneys, and lung. No alterations in the EKG readimwere reportedHowever, when the rats
were administered proserine, the EKG readingyested disturbances in heart conductivifyhe
authors notd thd theheart, liver, and kidneys “had acharacter of mild proten (‘granula’)
dystrophy” In the lung, the histolomgal alterations consisted of moderate perivascular and
peribronchial sclerosis with focal thickeningthe intraalveolar septa and cokagtion. No
incidence data were provided.

4.3. REPRODUCTIVE/DEVELOP MENTAL STUDIES—ORAL AND INHALATION
4.3.1. Oral Exposure
Data on the reproductive and developmentalcioxof barium compounds are limited.

The oral database consists of ##generation reproductive teeity studies in rats and mice
(Dietz et al., 1992) and a developmentalitity studyconducted byrarasenko et al. (1977).
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The lack of information on the animal species, barium dessagnd mode of administration and
the poor reportin@f results preclude usirthe Tarasenko et al. (1977) studyassess
developmental taxity following oral e)posure.

In the Dietzet al. (1992) studygroups of male and female&&4/N rats and BC3FL mice
(20/sexspecies/pup) were egosed to barium chloride ditisate in the drinkingvater for 60
days (males) or 30 da(females).The barium chloride dildrate concentrations were 0, 1,000,
2,000, or 4,000 ppm for the rats and 0, 500, 1,000, or 2,000 ppm for theDoisags were not
reported for this studyThe dosags from the subchronic stu@@ietz et al., 1992; NTP, 1994)
were thaefore usal to represent goproximate dosaes for this study For therats, estimated
dosa@s were 65, 110, and 200 BBg/kg-dayfor the treated malergups and 65, 115, and 180
mg Balkg-dayfor the treated femaleagups. For the mice, these dosagwere estimated at 55,
100, and 205 m@akg-dayfor the treated malergups and 60, 110, and 200 mgkg-dayfor
the treated femalergups. After the exosure period, males and females from the saipesexe
groups were housed tettper until there was evidence of matioiguntil the end of the mating
period (8 dag). The followingendpoints were used to assess potential reproductiietyox
lengh of pregnancy number of implantation sites; number of live and dead offsppug
weights at birth and on the fifth dafter parturition; eternal abnormalities of pupstags
examination of the vaga, cervix oviduct, and uterus of thg;Fevaluation of sperm densjty
morphology, and motility and male reproductive aagweidts of the E

The observed pregncyrates in the ras were bebw generaly accepéd norns for
reproduction studiesThe pregancyrates rangd from 40% in the controls to 65% in the 4,000
ppm goup and did not appear to be adversdfgcted bybarium eyposure.No sigiificant
alterations in gstation len¢h, pup survival, or the occurrence otexal abnormalities were
observed in the ratdMargnal reductions (not statisticallignificant) in the number of implants
per pregant dam and live litter size at birth and &awere observed in the 4,000 pprowp. A
statistically significant (p < 0.01) decrease in live pup weigt birth was observed in the 4,000
ppm goup (5.2 gvs. 5.7 gn controls); however, no sificant alterations in pup bodyeigt
were observed at 5 dagf age. Low preghancyrates were also observed in the mice; the
pregrancyrates rangd from 55% in controls to 55%-70% in the bariunp@sed goups. No
alterations in maternal weiggain, averag lendh of gestation, pup survival, or pup wéits
were obseved in themice. A stdistically significant (p < 0.05) decrease in aveedigter size
occurred on dag/0 and 5 at 1,000 ppm but not at 2,000 ppe. external abnormalities were
observed in the mice offsprindNo alterations in epididgal sperm counts, sperm motility
sperm morpholog testicular or epididyal weichts, or vagnal cytology were observed in the
rats or mice.The results of this studsuggest that oral egosure to barium chloride doses of
< 200 mgBa/kg-daydoes not result in reproductive toity; however, the results should be
interpreted cautiousligecause of the below-normal pna@gcyrates in all goups of rats and
mice.

4.3.2. Inhalation Exposure

Information on the reproductive/developmentalc¢ay of inhaled barium compounds is
limited to a series of studies conductedTllayasenko et al. (1977).he results of these studies

24



were described inegeral terms and no data were providdthe poor reportingf the study
design and results and thelack of staistical andysis of thedaa limit the usdulness of thedaa
for assessinthe reproductive/developmental toity of barium.

Exposure of male rats to 22.6 mg barium carbonate (15.7 nBp/m?) for one cgle of
spermatognesis (dailyexposure duration and frequenafyexposure were not reported) resulted
in decreases in thenumbe of spemaozoids, dereased pacentage of motile forms and timeof
motility, decreases in osmoticresistance of spematozoids ad inaeases in thenumbe of duds
with desquamated epithelium, and a reduced number of ducts with 1Zmstaggis (Tarasenko
et al., 1977).Similar results were observed in ratpeged to 5.2 mig® barium carbonate (3.6
mg Ba/m®) 4 h/day 6 dawweek for 4 mo.

Tarasenko et al. (1977) also reported that a shorterfitige mean duration of the estrous
cycle and an alteration in the proportion of mature andgdyvarian follicles were observed in
rats eyosed to 13.4 migy® barium carbonate (9.3 n@e/m®) for 4 mo (duration of daily
exposure or frequenayf exposure were not reported), as compared with a cormtvajpg These
effects were not observed in ratpesged to 3.1 mign® (2.2 mgBa/m®). The authors also noted
that rats in the 13.4 nmhg® group gave birth to underdeveloped offspritigat showed
considerable mortalitgnd slow increases in bodeight duringthe first 2 mo of life.The
authors did not state whether the barium carbongiesex females were mated tgesged or
unexposed males.

4.4. OTHER STUDIES
4.4.1. Acute Toxicity Data

Intentional or accidental irgtion of barium compounds causestgoenteritis,
hypokalemia, hgertension, cardiac arrtiynias, and skeletal muscle pasady Potassium
infusion is used clinicallyo reverse mangf the toxc effects, but it does not reverse the
hypertension (Diengft et al., 1964; Gould et al., 1973; U.S. EPA, 199¢{QY 1990).

Intravenous infusion of barium chloride into anestleetidog or guiinea pig resulted in
increased blood pressure and cardiac #nrhias (Hicks et al., 1986; Raand Berman, 1971).
The stidyin dog ako reportd skektal musck flaccdity and paralsis (Roza and Berran,

1971). In the dogstudy determination of plasma potassium concentrations revealed severe
hypokalemia, which appeared to result from atmaeellular-to-intracellular shift of potassium.
The hyerenson dd notappeard be nediated hrough the renn-angotensn system becauseti
was not prevented Hyilateral nephrectomgf the dog. Simultaneous infusion of potassium
into the dog aboished he cardac effecs and he skedtal musck flaccdity butdid notaffect
hypertension.
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4.4.2. Mechanistic Studies—Cardovascuar Toxicity

As mentioned duringiscussion of the cardiovascular studies of Petrgl. (1983, 1985,
1989), barium appears to act as a calciuonesg and interacts with potassiumibgreasingts
active inward cellular transport and blockitgoutward passive diffusion, which results in
hypokalemia (U.S. EPA, 1990; MO, 1990).

Although the data of Razand Brman (1971) for bilaterallpephrectomied dog
indicate that the tpertensive effects of barium seen in acute poisoaiagiot mediated throhg
therenin-angotensin sytem, thepossibilityof sud amechanism duringlong-term, low-level
exposure to barium does not appear to have been inaestidNo direct information on the
possible effects of barium on plasma renin levels or renin release was fdowdver, based on
what is known about the effects of barium on cellular metabolism of calcium and potassium and
on signal transduction pathwaynvolved in the control of renin releasea{érman et al., 1986),
it would not be surprising barium were to affect the release of renRenin is spthesizd and
released from ganulaed myoepithdial cells of thejuxtaglomerular gppaatus (IGA) in the
kidney. Specializd secretorgells of the GA synthesiz and secrete renin in response to a
variety of chemical and ptsjcal sighals relatingo exracellular fluid volume and blood pressure.
Control of ranin rdease is achieved throudn abdance beween inhibitory and stimuldory signds
to these secretomells. In general, at the cellular level, inhibitosygnals are processed thrdug
C&*-calmodulin-dependent mechanisms and are sensitive to intracelldlaso@aentrations.
An increase in intracellular C&"* inhibits renin release gyromotingformation of C&'-
camodulin omplex.

It is conceivable that barium could affect renin release from the kimnsgveral
different mechanismslf barium were to produce vasoconstriction, one wouptexa decrease
in renin release in response to aagultingincrease in blood pressurealrman et al., 1986).
If baium were to stimulde neurotransmitte release from rend nerve terminds, a inaease in
renin release would be pected (BRllerman et al., 1986)Barium has been shown to stimulate
neurotransmitte release from in vitro prepaations of isolded neve terminds (Vehage et d.,
1995). This effect appears to involve at least two distinct mechanigidarium-induced
depolariation of the nerve terminal that results from blockade ofikannels, and (2) a direct
action of barium on the Eamediated signd transdudion pahways tha control naurotransmitter
release.

It dso is onceivable tha baiium oould act directly on JGA secretory cells to stimulde
renin releaseRenin release is inhibited lepolariation of A secretorycells, which activates
voltage-operated Ca channels and results in an influkexracellular C&" into thecells
(Ballerman et al., 1986)Barium could depolarie JGA secretorycells byblockingK* channels
in these cells and, therelghibiting renin releaself barium were to raise intracellular Ca
conaentrations bystimulaing therdease of C&* from intracellular stores (Verhagt al., 1995)
or inhibiting transport of C& out of the cell via the CaATPase (WHO, 1990), either action
would inhibit renin releaselt also is conceivable that barium could inhibit renin release by
direct action on Camediated signd transdudion pahways tha control renin rdease, similar to
effects of barium on neurotransmitter release in nerve terminals (\éexrhal, 1995).All of
these mechanisms would tend to inhibit rather than promote the release of renin frG#A the J
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secretorycells. Thus, mechanistic considerations do not provide a clear ansvesttingg
whether baium would stimulée or inhibit renin rdease.

4.4.3. Intratracheal Adm inistration

In a studyconducted byrarasenko et al. (1977), animals (it appears that albino rats and
rabbits were tested; number of animals not specified) were administered an intratracheal dose of
50 mgbarium carbonate (35 nigarium). Three months after administration, sclerotic cleang
were observed in the luagThe severityof the sclerosis progssed.At 9 mo, fibrous
pneumonia with necrosis of mucous membrane of the largnchi was also observed.

Uchiyama et al. (1995) administered a denmtratracheal dose of 0.015, 0.3, or 0.6
mL/kg of Bal47 to rabbits.Bal47 is a preparation containiB§% barium sulfateNo
treatment-rdated efects on pulmongy ventilation (measured 1 dg/, 3 dags, and 1, 2, ad 4
weeks after dosinglevels of blood gses (measured at the same time as pulmomarylation),
or lungweights were observedSoft x-rays of the lung revealed dose-related shadows.
Bronchopneumonia, bronchitis, or bronchiolitis was observed in 28 of 36 animals theriingt
week after dosing Thereafter, the alterations were not observéd.further details of this study
were available because the stwegs published in aadanese-langage journal; information on
the studywas obtained from an Eligh abstract.

4.4.4. Carcinogenicity Studies—Topical Admnistration

In a studyto determine the safetf components of intrauterine contraceptive devices, a
sinde topical application of 1.25 mM barium chloride was applied to the squamocolumnar
junctional area of the cerviaf a woman with no known histonf abnormal cervical ¢glogy
results (Aye, 1966; Aye and leGuerrier, 1967).A cervical cell scrapingvas performed 48 h
after barium chloride applicatiothe topical application of barium chloride and cervical cell
saaping were repeated four times & intervals of 4-6 weks. A numbe of cell transformdions
resemblingsevere premalitant dgplasia were observed; the transformed cells were described as
bizarre, multinucleated cells with profoundiytered nuclear chromatirOne to three weeks after
barium chloride application, these cellular alterations were n@tartgserved.

In another studyAyre, 1966; Aye and leGuerrier, 1967), 1.25 mM barium chloride was
mixed with equal amounts of 70% DMSO, and a leingpical application of the mixre was
applied to the squamocolumnar junctional area of the celvig assumed that onbne subject
was used, and it was not reported whether this was the same woman pregesiadlyCervical
scraping were performed after 48 h, 72 h, and twice wefgklyn unspecified amount of time.
The cell transformations were similar tarene dgplasia; in addition, spindle cells and cells
with marked hperchromatism with multiple chromatin bundles and eeldigegilar nucleated
forms were observedCell transformations were also observed in deeperdaf the squamous
epithdium. Theauthors notd tha thetransformel cells resembled call findings of @ncer in
situ. Sixteen dag after topical application, the cell transformations were not observed in the
deeper layers of theepithdium but were still present in supéficial and intemediate areas.
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4.4.5. Genotoxicity

There is a limited amount of information available on te®ogpxcity of barium
compounds.No in vivo studies have been conductddost in vitro studies have found that
barium chloride and barium nitrate did not induesegmutations in bacterial assayith or
without metabolic activationAmes assaywith Salmonella typhimuriuratrains TA1535,
TA1538, TA1537, TA97, TA98, and TA100 with or without metabolic activation (Monaco et al.,
1990, 1991; NTP, 1994), rec assayth Baallus subtilisstrains H17 and H45 (Nishioka, 1975;
Kanematsu et al., 1980), and a microscreen agghyscherchia col (Rossman et al., 1991)
with metabolic activation have produced agge results with barium chlorideNeggtive results
have also been observed for barium nitrate in the rec ass®B. subtilisstrains H17 and H45
(Kanematsu et al., 1980Barium chloride inducedene mutations in 8178Y mouse Ijnphoma
cells with metabolic activation but not in the absence of metabolic activation (NTP, 1994).
Neither barium acetate nor barium chloride decreased the fidEMNA synthesis in avian
myeloblastosis virus DNA polyerase (Sirover anddeb, 1976).In mammalian cells, barium
chloride did not induce sister chromaticcbangs or chromosomal aberrations in cultured
Chinese hamster ovacglls, with or without activation (NTP, 1994).

4.5. SYNTHESIS AND EVALUATION OF MAJOR NONCANCER EFFECTS AND
MODE OF ACTION—ORAL AND INHALATION

4.5.1. Oral Exposure

Barium causes cardiovascular effects, includiygertension and arrbiymias, in humans
and animals when imgted acutelyn high doses or administered parenterally addition,
skeletal muscle paradis and hgokalemia occurThe cardiac and skeletal muscle effects can be
reversed byadministration of potassium and thus are tiug be mediated e antagnism
of barium to potasium. Barium blodks potasium dlux from cells and stimuldes theactive
inward transport of potassium (U.S. EPA, 1990; WHO, 198&yium also substitutes for
calcium in some cellular processes involved imaldgransduction and, throdplockag of
potassium effluxmayallow for geater calcium influinto the cell. The hypertensive action of
barium, however, is not reversedibjusion of potassiumin addition, limited data indicate that
the acute hyertensive effects of barium are not mediated tHiagetgase of pressor substances,
because reoval of the kidneys or adrena prior to barum adninistration does noprevent
hypertension.Accordingy, it has been Ipothesied that barium results in pgrtension by
stimulatingthe arteriolar smooth muscle direcfRoza and Brman, 1971; U.S. EPA, 1990).

Additional evidence for the Ipgrtensive effects of barium has been obtained in
subchronic and chronic drinkingater studies of barium tmity in rats gven diets low in trace
minerals, calcium, and potassium (Pestwal., 1983, 1985, 19895ubchronic studies in which
rodents were administered barium in drinkwgter and fed adequate diets indicated that renal
effects, includingglomerular effects, were a more sensitive endpoint of bariunityin rats
than was hgertension (NTP, 1994; McCauleyal., 1985).However, a similar relationship may
not occur followingchronic eposure or in humansA subchronic egerimental studyn humans
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(Wones et al., 1990) and a well-desd morbiditystudyof residents receivingigh or low

levels of barium in their drinkingrater establish a NOAE&f 0.21 mgBa/kg-dayfor
hypertension.This NOAEL mayapplyto renal disease as well, but this condition was assessed
only by askingthe participants whether thegad phgician-diagosed renal diseasé LOAEL

was not identified in these human studies.

4.5.2. Inhalation Exposure

Several human studies have investiggl the tobcity of inhaled barium compounds.
Exposure to insoluble forms of barium such as barium sulfate and barite ore results in baritosis
(Pendergass and Greenind 953; Seaton et al., 1986; DpikP76). Although profuse opacities
are observed on the radraghs, no alterations in lurignction, abnormal prsycal findings, or
increases in the incidence of subjectiveapioms have been reporteld.appears that the
accumulation of barium sulfate in the lengill diminish upon termination of barium asure.
Barium exposure levels resulting baritosis have not been reportddlOSH (1982) reported an
increased incidence of pgrtension in workers @wsed to an unspecified concentration of
barium. Although the results of this studyre consistent with the sgestion of hyertension
following oral exposure to barium compounds, the results of tl@3H (1982) studghould be
interpreted cautously becausetiis likely thatthe workers were ab eyposed ¢ other netals,
includinglead, which has a known pgrtensive effect.

Inhdation toxicity daain animds ae limited to inhdation exposureand intrarachesl
administration studies byarasenko et al. (1977) and an intratracheal administration Isyudy
Uchiyama et al. (1995)In the Tarasenko et al. (1977) inhalation st@dgumber of adverse
effects were reported in ratsposed to 5.20 mim® barium carbonate (3.6 ing® barium) 4
h/day, 6 dayweek for 4 mo.The effects included alterations in some hematoldgnd serum
chemistryparameters, perivascular and peribronchial sclerosis with eoiign in the lung,
and increases in arterial pressuiiedoes not appear that statistical agalgf the data was
performed, and incidence data for the lafigcts were not reportedNo adverse effects were
observed in the rats pased to 1.15 mim?® barium carbonate (0.80 rimg® barium). The finding
of lunglesions followingexposure to barium carbonate was confirmedbyntratracheal
administration studgonducted byrarasenko et al. (1977)n this studyfibrous pneumonia and
necross of the mucous nembrane of he lkarge bronchiwas observed 9 omafter animals receved
an intratracheal dose of 50 rhgrium carbonate (35 mgarium). As with the inhalation stugy
the results of this studyere poorlyreported.Uchiyama et al. (1995) also found pulmonary
effects (bronchopneumonia, bronchitis, or bronchiolitis) in rabbits intratraclaehinistered a
suspension containirgb% barium sulfateAlthough studies conducted Byarasenko et al.
(1977) sugest that inhalation gposure to barium carbonate magult in reproductive effects,
confidence in these studies is véaw due to poor reportingf studydesign and resultsThus,
the potential of barium to induce developmental and/or reproductive effects has not been
adequatelassessed followinghalation eposure.
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4.6. WEIGHT-OF-EVIDENCE EVALUATION AND CANCER
CHARACTERIZATION—S YNTHESIS OF HUMAN, ANIMAL,
AND OTHER SUPPORTING EVIDENCE, CONCLUSIONS ABOUT
HUMAN CARCINOG ENICITY AND LIK ELY MODE OF ACTION

In the onlyavailable human stuggell transformations were observed followenginde
topical application of barium chloride to the ceriiyre, 1966; Aye and leGuerrier, 1967).
These transformed cells were@ated, and no alterations were observed 3 weeks after
application.

Oral exposure studies in rats and mice (NTP, 1994; McCaetiey., 1985; Schroeder and
Mitchener, 1975a,b) did not find sidicant increases in tumor incidence followialgronic
exposure. The desig of the McCaulet al. (1985) and Schroeder and Mitchener (1975a,b)
studies was inadequate for carcianigity evaluation.In the McCauleet al. (1985) studysmall
numbers of animals of one seere eyosed to relativeljow concentrations of barium chloride
for less tha alifetime. The absence of adverseeffects sugests thathe maximum toleated dose
(MTD) may not have been achieved in this stutlty the Schroeder and Mitchener (1975a) rat
study, onlythe incidence of totalrgss tumors was reported; the lack of adverse effectesisg
thatthe only dose used waswer han he MTD. The decreasenilongevity in the nouse atdy
by Schroeder and Mitchener (1975b) gegls that the MTD maliave been achieved in this
study However, it appears that ortyo types of cancer were amined (leukemia and lung
tumors).

The desig of the rat and mouse NTP (1994) studies was adequate to assess
carcinogenicity. These studies used an adequate number of animalsop@r;, @yosed animals
for 2 years, tested several dosdgvels, and eamined an etensive number of tissue3he
decreased sumnval and hstological alterations n the kidneys of the mce andlie ncreased
kidneyweights in the rats sugst that the MTD was achieved in both of these studi&s.
carchogenic effecs were observeahiether spe@s. In fact significantnegtive trends n the
incidence of leukemia, adrenal tumors, and mamrglaryd tumors were observed in the rats.

The inhalation eposure and intratracheal studies conductet@idmgsenko et al. (1977)
are nadequad for carchogenicity evaliaion because of sevemficiencies n the degin and
reporting includingsinde or subchronic gposure duration, inadequate reportaigerosol
generation methodolag inferior reportingof studyresults (includinghe apparent lack of
statistical analgis), and the use of onlyne seXmales). These studies were desey to be
toxicity studies, and it is not known if the investigrs looked for tumors.

Under EPA’s Guidelines for Carcineg Risk Assessment (U.S. EPA, 1986), barium

would be classified as Group D, not classifiable as to human cageaiicdyg Although adequate
chronic oral eposure studies in rats and mice have not demonstrated camineffects, the
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lack of adequate inhalation studies precludes assawgmgrcinognic potential of inhaled
barium.

Under the Proposed Guidelines for Carceodrisk Assessment (U.S. EPA, 1996a),
barium is considered not liketg be carcinognic to humans followingral exposure, and its
carcinognic potential cannot be determined followingalation eposure.

4.7. SUSCEPTIBLE P OPULATIONS
4.7.1. Possible Childhood Susceptibility

Limited data et on which to make an assessment of possible childhood susceptibility
Gastrointestinal absorption data gesf that barium absorption mag hider in children than in
adults. Studies in rats (Tdgr et al., 1962) and degCuddihyand Griffith, 1972) suggst that
absorption in thegunger animals is appramatelytenfold hidner than absorption in the older
animals. The mechanism behind this apparent increased absorption effiaeyaynger
animals is not known, and it is not known if similar findingould be observed in humans.

There are no huma déaa examining age-related differences in suseptibility to baium toxcity.

4.7.2. Posside Gender Differences

The exent to which men differ from women in susceptibititybarium is not knownNo
gender differences were observed in human studiesvever, one of the critical effects of
barium followingoral exposure is hgertension, and men are the presumptive sensitive
population for hpertension.In the NTP (1994) subchronic and chronic rat studies, females
appeared to be more sensitive than the males to the barium-induced increases weightey
No other sigificant gender differences have been observed in animal studies.
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5. DOSE-RESPONSE ASSESSMENTS

5.1. ORAL REFERENCE DOSE (RfD)
5.1.1. Choice ofPrincipal Study and Critical Effect—With Rationale and Justification

No sinde studyis gpropride as the basis for alifetime RfD for baium. TheRfD is
based on a welg-of-evidence approach that focuses on four coprincipal stutfiesAbnes et
al. (1990) eperimental studyn humans, the EBnniman and évy (1984) epidemiolog study
and the subchronic and chronic rat studies that eraglaglequate diets and inveatggd both
cardiovascular and renal endpoints (NTP, 1994)e McCauleyet al. (1985) studgf
unilaterallynephrectomied rats was used to support the identification of the kidsey co-
critical target. In addition, the approach includes a consideration of suppanfmgnation from
acute and mechanistic studies as well as from subchronic to chronic studies of animals on low-
mineraldiets.

The identification of hgertension as a health endpoint of concern is supported by
findings of hypertensive effects in humans whoeatgd acutelyigh doses of barium
compounds, in workers who inhaled dusts of barium ores and barium carbonaperimertal
animals gven barium intravenouslyand in rats gxosed to barium in drinkingater while on
restricted dietsBased on these findisg lower dose human studies were conducteddmae
the potential effects on blood pressure in humans, and both blood pressure antukichnay in
animals. Althoug the eperimental studypy Wones et al. (1990) tether with the
epidemiologcal studyby Brenniman and évy (1984) did not report arsignificant effects on
blood pressure, thegstablish a NOAEILNn humans of 0.21 mBa/kg-day. The animal data
suggest thd thekidney may aso bea sensitive target for ingested baium from low level
exposure (McCaulegt al., 1985; NTP, 1984; Schroeder and Mitchener, 1975a); neither of the
human studies invesaged sensitive renal endpointBherefore, 0.21 m@a/kg-dayis used as
the basis to derive the RfOhe use of a NOAEIrom human studies increases the confidence
in the Agency’s judgement in thederivation of theRfD, which is ddined as an estimate (with
uncertaintyspanningoerhaps an order of m@aigude) of a dailyexposure to human population
(including sensitive sub@ups) that is likelyo be without an appreciable risk of deleterious
effects duringalife time.

5.1.2. Methods of Analysis—NOAEL/LOAEL
A NOAEL/LOAEL approach was used to derive the RfD for baridine RfD was based
on the no-effect levels identified in thedhes et al. (1990) and@&winiman and &vy (1984)

human studiesThe lack of adverse effect levels in the human studies precluded denvRip
usinga benchmark concentration arsdyapproach.
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5.1.3. RfD Derivation, Including Application of Uncertainty Factors (UF) and Modifying
Factors (MF)

An uncertaintyfactor of 3 accounts for some database deficiencies and potential
differences between adults and childr@ie RfD for barium is based on four principal studies.
Two human studies (Bnniman and évy, 1984; Wones et al., 1990) identified no human health
effects in adults.Two well-desiged rat studies (NTP, 1994) identified NOAEANnd LOAELSs
for renal effects followingubchronic or chronic @osure. The results of the NTP (1994)
subchronic studguggest that under these test conditions renal effectsbeagsensitive
endpoint. However, a similar relationship mawyt occur followingchronic eyosure or in
humans.Perryet al., 1983, 1985, 1989 reported that a mnailty adequate diet, particularhne
with inadequate calcium levels, magrease sensitivitio barium-induced Ipertension.The
Brenniman and &vy (1984) studyexamined more than 2,000 men and women; it is \ikeyy
tha awide range of digary variability, indudinglow calcium int&kes, was rgresented in this
population. Additionally, it is likely that this population included individuals unusually
susceptible to the tosity of barium. Dog and rat pharmacokinetic studies (Toayet al., 1962;
Cuddihyand Griffith, 1972) suggest that gstrointestinal absorption of barium miag hider in
younganimals than in older animal&renniman and &y (1984) examined persons 18-75+
years of gye living in thecommunityfor morethan 10 years. It is likely tha this studyincluded
adult residents who were gased to elevated barium levels asiygchildren, but it mayot
account for all of the uncertaintyrhe barium database consists of subchronic and chronic
toxicity studies in three spesies (humans, rds, mie) and amaginaly adequae first-generation
reproductive / developmental taxty study This rat and mouse studRietz et al., 1992) gve
no indication that developmental or reproductive endpoints are more sensitive than other
endpoints; interpretation of the studsults is limited byerylow preqancyrates in all goups,
including controls, and eamination of a small number of developmental endpoints.

No modifying factor is proposed for this assessment.

The RfD for barium is as followsRfD = 0.21 mgkg-day+ 3 = 0.07 mgkg-day (or 7E-2
mg/kg-day).

5.2. INHALATION REF ERENCE CONCENTRATION

The human (Pendemrgss and Greening953; Seaton et al., 1986; DpiP76) and animal
inhalation (Tarasenko et al., 1977) and intratracheal (Tarasenko et al., 197 &nécatyal.,
1995) studies suygst that the respiratoigystem is a targt of barium toicity. The data also
suggest that sgtemic effects, such asgsrtension, magccur followinginhalation eposure
(NIOSH, 1982; Achiesche et al., 1992; Tarasenko et al., 19TRAe human studies cannot be
used to derive an RfC for barium becausgosxire concentrations were not reportatthough
the NIOSH (1982) studyneasured barium breathiagne levels for somergups of workers, the
barium eyosure levels were not measured in ttaug of workers with the increased incidence
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of hypertension.The deficient reportingf the methods and results (in particular, the lack of
information on the aerosokgeration, number of animals tested, incidence data, and statistical
analysis) of the onlyanimal subchronic/chronic inhalation stud@yrasenko et al., 1977)

preclude derivingan RfC for barium from the animal data.

5.3. CANCER ASSESSMENT

The oral database syets that barium is unlikelp be carcinognic to humans, and the
inhalation database is inadequate to assess cagaicdy Thus, derivation of slope factors and
unit risk values is precluded.

6. MAJOR CONCLUSIONS IN THE CHARACTERIZATION OF
HAZARD AND DOS E-RESPONSE

6.1. HAZARD IDENTIF ICATION

Barium is a dense alkaline earth metal that is widiyributed in small amounts in the
earth’s crust.Under natural conditions, barium occurs as the divalent cation in combination with
other elementsBarium enters the environment thrduthe weatheringf rocks and minerals
and throu@ anthropognic releases.

Longer term human studies @wmniman and é&vy, 1984; Wones et al., 1990) have found
no adverse effects followingral eXposure to lower concentrations of barium in drinkiveger.
Hypertension has been observed in humans whestied hidn doses of barium compounds under
occupational egosure conditions.

Subchronic and chronic oral studies (NTP, 1994; McCaelley., 1985) provide
evidence tha thekidney, indudingglomerular damage, is asensitive target of baium toxcity in
rats and mice fed a nutritionaldequate dietHypertension has been observed in studies (Perry
et al., 1983, 1985, 1989) in which rats were fed a mallg adequate diet, particularbne with
inadequate calcium levels.

Several case reports (Pendass and Greening953; Seaton et al., 1986) and a
prospective studgonducted bypoig (1976) have reported baritosis in workerp@sed to
airborne barite ore or barium sulfatBaritosis is considered a beniggneumoconiosis
characterized byintenseradiopecity of disaete opaities usudly profusey disseninaed
throughout the lung Spirometric lungunction tests were normal in the workersenxned by
Doig (1976). Upon exposure termination, there is an apparent decrease in barium levels in the
lung (Doig, 1976); the barium-related lesions are also potentiallgrsible (ACGH, 1992).
NIOSH (1982) reported an increased incidence pérgnsion in workers @osed to an
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unspecified concentration of barium; these results should be interpreted caltemaglge it is
likely that the workers were alsoposed to other metals, includitend, which has a known
hypertensive effect.

Data on the taxity of inhaled barium to animals are limitedarasenko et al. (1977)
reported perivascular and peribronchial sclerosis with aiktgn in the lung and increases in
arterial pressure in rats gosed to barium carbonat&he deficient reportingf the methods and
results (in particular, the lack of information on the aerosoéation, number of animals tested,
incidence daa, and staistical andysis) limits theusdulness of this studyor hazard assessmat.

A reproductive/developmental timity studydid not find anysignificant alterations in
gestation len¢h, pup survival, or occurrence ofternal abnormalities in rats and micepesged
to barium chloride in drinkingvater (Dietzet al., 1992).The studyalso did not find any
significant alterations in reproductive endpoints in theats and miceThe low pregancyrates
in all groups, includingcontrols, limit the usefulness of this study

An area of scientific uncertaingoncerninghe noncancer hamd assessment for barium
is identification of the most sensitive endpoint of bariumdibxin humans.The results of the
NTP (1994) subchronic rat studygyest that renal effects mdye a more sensitive endpoint than
hypertension.However, it is not known if a similar relationship woulds#xollowing chronic
exposure or in humanslThe Brenniman and &y (1984) human studgxamined the effect of
barium on blood pressure but did not investiggsensitive renal endpoints (kidrdigease was
only assessed ly health questionnaireYhe chronic rat studfNTP, 1994) did not measure
blood pressureAnother area of scientific uncertairnig/whether anyoxicologcal or
toxicokinetic differences est between children and adult&nimal data (Talor et al., 1962;
Cuddihyand Griffith, 1972) suggsts that gstrointestinal absorption mépe hidner in children
than in adults.

No oral human carcin@gicity data are availableOral exposure studies in rats and mice
(NTP, 1994; McCaulegt al., 1985; Schroeder and Mitchener, 1975a,b) did not findisant
increases in tumor incidence followiegronic eyosure to barium.

No inhalation carcinagnicity data are available for humanBhe inhalation and
intratracheal studies in animals conducted ayasenko et al. (1977) are inadequate for
carchogenicity evaliaion because of severdéficiences n the degyn and reporhg, including
singe or subchronic gposure duration, inadequate reportoigaerosol gneration methodolog
deficient reportingpf studyresults (includinghe apparent lack of statistical arsdy, and the use
of only one sexmales).

Based on the welg of evidence, barium can be classified as Group D, not classifiable as
to human carcinagnicity, usingthe 1986 gidelines (U.S. EPA, 1986)Although adequate
chronic oral eposure studies in rats and mice have not demonstrated camineffects, the
lack of adequate inhalation studies precludes assess&rggrcinognic potential of inhaled
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barium. Accordingto the proposeduidelines, barium would be considered not likislye
carcinogenic to humans followingral exposure, and its carcinegic potential cannot be
determined following inhdation.

The lack of adequate inhalation carcieogity data is an area of scientific uncertaifay
this assessment.

6.2. DOSE-RESFONSE ASSESSMENT

A guantitative estimate of human risk & aresult of low-level chronicbaium ord
exposure is based on waigg human and animal geriments; possible renal effects appear to
identify thekidney as themost sasitive tissue Thehuman chronic doseof ingested baium
considered to be without deleterious noncancer effect (the RfD) is 7EkB-day. This value is
based on no effects identified in two human studies (0.2kgattay), and for kidneyeffects
identified in subchronic (65 nikg-day) and chronic (45 mgg-day) rat studies.The RfD was
calculated bydividing the NOAELfrom the human studyy an uncertaintyactor of 3.

An uncertaintyfactor of 3 accounts for some database deficiencies and potential
differences between adults and childr&ecause the Brenniman anevly (1984) co-principal
studyexamined more than 2,000 men and women, it is probable that this population included
individuals unusuallgusceptible to bariumAlthough the Benniman and évy (1984) studydid
not examine children, the studyid include persons 18-75€ars of ag who lived in the
communityfor more than 10aars. Thus, adult residents p&sed to elevated barium levels as
youngchildren were likelyncluded in the studgopulation. This studymaynot account for all
of the uncertaintyegarding potential toxcologcal and/or toicokinetic differences between
children and adultsAs discussed in the Tmologcal Review, Chapter 4.2, the toiy of
barium has been arined in several subchronic and chronic studies of humans, rats, and mice
and a marmally adequate reproductive/developmentalddy studyof rats and mice.

The overall confidence in this RfD assessment is medilimere is medium confidence
in the hunan copmcipal studies because #neyeffects have beerdentfied in anmal studies
but not fullyinvestigated in humansThe lack of cardiovascular measurements (heart rate, blood
pressure, or ecrocardogramrecordngs) in the chront anmal studies hatused adequatiets
(NTP, 1994) reduces the confidence in the animal coprincipal stud@¥idence in the
dabase $ medium because ofhie exstence of subchrogiand chrorg hurman stidies,
subchronic and chronic animal studies in more than one species, and a
reproductive/developmental stugtyrats and miceMedium confidence in the RfD reflects the
medium confidence in the principal studies and the medium confidence in the database.

The RfD has been calculated from doses derived from human studies which show no

adverse effectslf one were to solelgiepend upon data from animal studies demonstredimaj
effects as the critical determinants for RfD calculation, the emp@ay of customaryncertainty

36



factors would produce a RfD similar to that produced thndhg evaluation of data from human
studies.However, the RfD derived usirgata from animal studies would include more
uncertaintythan the RfD derived usirdpata from human studie®irect human studies obgd
qudity generally reduces theuncertainties and inaeases confidence in RfDs.

At the present time, no alequée déaa are available to deive an RfC for baium. The
available human and animd data suggest tha therespiraory tract may be a sensitive target of
toxicity; thus, it would not be appropriate to derive an RfC for barium based on oral data.

Dose-response assessment for car@nmgeffects is not applicable because the oral data
suggest that barium is not likelyo be carcinognic and the inhalation data are inadequate.
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8. APPENDICES

APPENDIX A: SUMMARY OF AND RESPONSE TO EXTERNAL P EER REVIEW
COMMENTS

The Toxcologcal Review for Brium and all individual barium assessments have
undergne both internal peer review performedsoientists within EPA or othereleral
agences and a wre formal external peer revew perforned byscientists chosen byEPA in
accordance with U.EEPA (1994). The three eternal peer reviewers (see Contributors and
Reviewers) submittd written commaents on theoveaall assssmat. A summay of comments
made bythe exernal reviewers and EPA’s response to these comments follow.

The exernal peer reviewers offered editorial comments and mangr, but valuable,
suggestions; thee have been incorporaed into thetext to theextent feasible. Substative
scientific comments are addressed bel@egveral reviewers provided citations of papers they
would like to see added to the Toglogcal Review; studies that supported thedndz
identification and dose-response assessments have been incorporated into the document.

Comment: One reviewer felt that the potential for children to be a-nigk population was
generallyignored.

Response to Coment: As discussed in Section 4.7.1 of the document, there are limited
data with which to assess whether children are liteelye a sensitive subpopulatiohhe
available daa sugyest thatthere are p@nial toxicokinetc differences beteen adubk and
youngchildren; however, there are no data to assess potergiatizged tocity

differences.

Comment: One reviewer suggsted increasinghe uncertaintyactor for the RfD from 3 to 10.
He felt that theincreased unertainty factor was justified to protet against potatial effects in
children and unertainty as to therole of dietary variability. The othe two externd peer
reviewers felt that the uncertairfgctor of 3 was appropriate.

Response to Coments: EPA concludes that the uncertaifdgtor of 3 should be
retained. The uncertaintyactor of 3 was used to account for some database deficiencies
and a potential difference between adults and childiteis.likely that a wide rang of

dietary variability, indudinglow calcium intékes, was represented in theBrenniman and

Levy (1984) studypopulation of more than 2,000 aduliBhe residents, &gl 18-75+

years, xamined in this studyived in thecommunityfor morethan 10 years; thus, it is
probable that the studgcluded individuals who were pgsed to elevated barium levels

as children.However, this studynaynot account for all of the uncertairttyat there may

be differences between children and adultse Agencyfeels that the current RfD would

be protective for children.
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Comment: One reviewer was uncomfortable with the apparent dismissal of the increased
calcium levels observed in thedies et al. (1990) humanpetimental study

Response to Coment: EPA feels thatthe sight increasen abumn-correceéd serum

calcium levels is not clinicallgignificant. The adjusted serum calcium levels were 8.86,
9.03, and 9.01 midL when the subjects wereposed to 0, 5, or 10 ppm barium,

respedtvely. The Agencyfeek thatthis small chang in catium levelsis notlikely to

result in adverse effect$n addition, studies in animals have shown no cemanmgserum
calcium levels followingshort-term or chronic geosure to barium in drinkingater

(NTP, 1994; Tardiff et al., 1980)The Wones et al. (1990) studiescription in the

document and RfD summasfeet was revised to include the serum calcium levels
(adjusted and unadjusted levels were reported) and a note that the adjusted method used
by Wones et al. (1990) is considered unreliable.

Comment: Onereviewer expressal concern tha the gppaent baium-rdated inaeased mortdity
observed in the mortalitgortion of the Benniman and &vy (1984) studywas discounted.

Response to Coment: EPA feels that it is not possible to assgcausal relationship
between mortalitand eyosure to barium based on the results of this dbedpuse a
number of potentiallgonfoundingvariables were not controlled.

Comment: One reviewer noted that the findin§impaired lungunction in > 20% of the
workers eamined byDoig (1976) is not an inconsequential finding

Response to Coment: Five workers underwent lurfgnction tests in 1963 (@wsure

was terminated in 1964 For three of the workers, the results were similar to predicted
values (89%-119% of predicted valuekungfunction tests were below predicted values
(70%-85%) in the other two worker3he studyauthors noted that the impaired lung
function was not likelydue to barium gxosure (one worker was an alcoholic and heavy
smoker and the second worker had a fibrotic lkesgltingfrom an earlychildhood

illness). The Toxicologca Review was revised to indudelung fundion peformance
results and possible cause of the impaired fungtion in the two workers.

Comment: One reviewer felt the discussion of wie data were inadequate for derivation of an
RfC should be gxanded, and the reviewer noted that th@SH (1982) studgid report some
breathingzone air barium levels.

Response to Coment: EPA feals thd theinhdation daabaselimitations ae adequaely
discussed.The tex was revised to note that althdutpe NDSH (1982) studyneasured
barium breathingone levels for somergups of workers, the barium gosure levels

were not measured in theogip of workers with the increased incidence gidryension.
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